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Chapter 1: Introduction 
1.1 Need for renewable energy 
The increase in industrialization and rapid growth in human population is envisaged to 
intensify the demand for energy in the near future by a significant proportion. The 
primary source of energy fossil fuel (coal, oil, and natural gas), which accounted for 
66.7% of the world energy consumption has been predicted to exhaust in supply sooner 
or later (Fig. 1.1) [1].
 
Also, the primary source of energy does produce carbon dioxide 
(CO2), which has been identified as the main cause of global warming [2, 3, 4].
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1 2014 World energy consumption for electricity generation by the International 
Energy Agency (IEA, 2016) [5]. 
According to Fig. 1.1, nuclear power accounted for 10.6% of the world energy 
consumption. Nuclear power can also provide large-scale electricity generation. 
However, it has been proven to be extremely dangerous and hazardous. Clean and 
renewable energy such as the wind energy, biomass energy, geothermal energy, ocean 
energy, solar energy, and hydro power has gained significant attention as an outstanding 
candidate for the future power generation. These renewable energies are considered as 
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the best substitutes for primary energy because they are environmentally benign and 
abundant. Among the renewable energy sources, solar energy is the most promising 
because of its enormous theoretical and technical potential for its use [6,7,8,9].
 
The 
amount of energy from sunlight striking the earth in 1 hour is about 4.3 x 10
20
 J, which 
is higher than all of the energy currently consumed on the planet in one year (4.1 
x10
20
J), yet human only utilizes a small fraction of this infinite solar resources [10, 11]. 
 
1.2 Solar Cells 
A solar cell or photovoltaic device is required to capture a substantial amount of energy 
from the sunlight incident on the surface of the earth and convert it into electricity. Over 
the past four decades, various solar cells have been intensively investigated and used for 
solar energy conversion as shown in Fig. 1.2. Solar cells are broadly divided into two 
main groups (Inorganic and Organic solar cells). The prototype inorganic solar cell is a 
silicon-based P-N junction [12].
 
There are various forms of silicon solar cells and is by 
far the most extensively used solar cells.  The single crystalline silicon solar cells are 
usually better than the polycrystalline silicon solar cells. As shown in Fig. 1.2 the single 
crystalline silicon solar cell has reached an efficiency of 27.6%. The GaAs solar cells 
have equally shown an unprecedented rise in efficiency (29.3%) rivaling that of the 
single crystalline silicon solar cell. The highest efficiency of over 40% has been 
achieved by the multi-junction GaAs solar cells. However, solar cells based on 
crystalline silicon and GaAs materials are expensive owing to their high production cost. 
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Fig. 1.2 Efficiency chart of solar cells over time. Adapted from the National Renewable 
Energy Laboratory (NREL) [13]. 
In order to reduce the production cost of crystalline silicon solar cells, various 
thin-film technologies such as copper indium gallium diselenide (CIGS), cadmium 
telluride (CdTe), and amorphous silicon have been developed. The CIGS and CdTe 
have achieved efficiency of 22.6% and 22.1%, respectively. These efficiencies are 
attractive and comparable to those of silicon solar cells. Also, the amorphous silicon 
solar cell which suffers from degradation under illumination achieved an efficiency of 
about 14.0% (Fig. 1.2) [9].
 
Emerging photovoltaics such as dye-sensitized solar cells 
(DSSCs), organic solar cells, polymer solar cells, quantum dot solar cells and perovskite 
solar cells (PSCs) have gained considerable attention.This is because they can be 
fabricated using solution-process, assembled using low-cost materials, and fabricated by 
cost-effective methods. These merits make them to be a very promising renewable 
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energy technologies. However, DSSCs, quantum dot solar cells, and organic solar cells 
usually suffer from poor stability and efficiencies making them inferior to that of the 
crystalline silicon solar cells. In recent years, organic-inorganic hybrid halide 
perovskites have attracted much attention from the solar cells researchers, after it was 
first used as a light-absorbing material in a DSSC structure by Kojima and co-worker in 
2009. With a certified efficiency of 22.1%, PSCs performance can be comparable to that 
of the CIGS and the traditional single crystalline silicon solar cells.  PSCs have the 
potential to surpass the crystalline silicon solar cells regarding efficiency, cost, and 
stability and equally compete with the energy generated from fossil fuels. However, 
intensive research is still needed to solve some of the PSCs major drawbacks such as 
non-uniform film morphology, current-voltage hysteresis, Lead (Pb) toxicity, and 
stability. 
 
1.2.1 Operation principle of Solar Cell  
In any solar cell, the light to electricity conversion process can be broken down into the 
following steps: 
 Generation of electron-hole pairs or excitons in the absorber material due to 
absorption of photons.  
 The excited charge carriers (electron-hole pairs) are separated and moved 
towards the contact electrodes. 
 The separated charge carriers are collected by the electrodes, where the electron 
flows through the external circuit before recombining with the hole.  
 
Notably, the typical solar cell technology in use today is based on p–n junctions with p- 
and n-doped crystalline silicon as light absorber material. Fig 1.3 shows the energy 
diagram of a silicon solar cell p–n junction in equilibrium. The energy diagram 
explains the basic working principles of electron-hole separation in the corresponding 
solar cell. As it can be seen in Fig. 1.3, the electron in the valence band is excited into 
the conduction band when a photon with energy higher than the band gap is absorbed. 
The photo-excited charge carriers are separated, the hole diffuses to the metal contact, 
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and the electron is swept across the junction by a strong built-in electric field and 
collected by the metal electrode.
12, 14)
  
 
 
 
 
 
 
 
Fig. 1.3 Energy diagram of a silicon solar cell p–n junction [14]. (Ec, Ev, and EF 
represent the conduction band, valence band, and Fermi energy level, respectively. 
While hv is the photon, where h is Planck's constant (J.s) and v is the frequency of the 
light (Hz)) 
 
1.2.2 Electrical Characterization of Solar Cells 
Since solar cell converts light energy into electricity, the performance of the solar cell 
should be evaluated using electrical measurement. The most common characterization 
methods are the light and dark current-voltage (I-V) and quantum efficiency (QE) or 
incident photon-to-electron conversion efficiency (IPCE). These methods will be 
discussed in more detail hereafter.  
 
1.2.3 Solar Spectral Irradiance 
To accurately compare the I-V performance result of various types of solar cells, same 
measuring procedures should be followed. This is because the solar cell I-V 
performance depends on several parameters, such as weather (cloud cover, rain, snow, 
temperature), the time of the day (day, night), the time of the year (summer, winter), the 
incident light intensity, and the spectral intensity distribution of the incident light [9,15]. 
Considering that the spectral intensity distribution of the sunlight on the surface of the 
earth depends on several parameters, solar cell scientists and engineers have agreed to 
measure the I-V curves under defined illumination conditions [15].
 
Fig. 1.4a shows the 
schematic illustration of the air masses AM 0, AM 1.0, and AM 1.5. Fig. 1.4b presents 
the schematic illustration of the spectral distribution geometry. The normal of the 
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receiving surface is tilted by an angle t, towards the equator. θ is the angle between the 
ground normal and the sun at zenith, which is used to calculate the AM as the inverse of 
cos (θ). The spectrum obtained after transmitted through a particular air mass is usually 
described by the abbreviation AM followed by a numeric figure [9]. As it can be seen in 
Fig 1.4a, outside the atmosphere of the earth, the solar spectrum has a defined spectral 
intensity distribution. This extra terrestrial spectrum is called the AM 0 spectrum 
according to American Society for Testing and Materials (ASTM) E4900-00 standard, 
and the solar constant is 1366.1 Wm
-2
 [9].
 
The least possible distance which the light 
has to pass through the atmosphere to approach the surface of the earth is at the equator, 
is termed AM 1.0 (Fig. 1.4a). 
 
 
 
 
 
 
 
 
 
Fig. 1.4 (a) Schematic illustration of the air mass; AM 0, AM 1.0, and AM 1.5, (b) 
schematic illustration of the spectral distribution geometry depicting the earth, the sun, 
tilted angle t, and θ. The normal to the tilted surface is n. Note these figures are not 
drawn to scale, and it is just for illustration. Since the sun is larger than the earth the 
incident light area that showers the earth can be considered as planar (Fig. 1.4b). Note 
that the concept of these drawings is based on reference [9, 16].
 
 
 
 
 
 
 
 
(a) 
Earth 
AM 1.5 
AM 1.0 
AM 0 
Atmosphere 
 Sun 
(b) 
t=37° 
θ = 48.2° 
(AM 1.5) 
Zenith 
Sun 
Earth surface 
n 
Tilted surface 
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Fig. 1.5 Solar irradiation spectra of AM 0, AM 1.5G, and AM 1.5 D according to 
ASTM standard. 
 
Fig. 1.5 shows the solar spectral irradiance versus wavelength of AM 0, AM 
1.5G and AM1.5D. The AM 1.5G (where G stands for the Global standard by ASTM 
G173) spectrum has been chosen as the most widely accepted standard to measure solar 
cell performance data [15].
 
This spectrum corresponds to specific angular orientations, 
where the sun is located at an angle of about 48.2° with reference to the zenith, and 
where the surface normal of the solar cell forms an angle of 37° with reference to the 
zenith (Fig. 1.4b) [15,16]. AM 1.5G has a total power of 1000 W/m
2 
which is obtained 
by integration. The AM 1.5 spectrum is also known as AM 1.5D where D stands for 
direct, and circumsolar, which is the easiest spectrum to achieve reproducibly. The AM 
1.5D is obtained merely when viewing the sun through a circular aperture with an 
opening angle of 5.8°, i.e., the sun is at the center of the aperture. The sunlight that is 
obtained through such an aperture includes the irradiance from solar disk together with 
irradiation from the corona. AM 1.5D spectrum has a total power of 901W/m
2 
which 
can be obtained by integration [9]. 
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1.2.4 Equivalent Circuit of Solar Cell 
Usually, a solar cell behaves like a diode when measured in the dark. Therefore, for an 
ideal p–n junction solar cell, the dependence of the current density on voltage is given 
by the Shockley diode equation [15, 17]. 
 
            
  
   
                                                                       
 
where e is the elementary charge (C), V is the applied voltage (V), kB is the Boltzmann 
constant (J.K
-1
), T is the temperature (K), and J0 is the reverse saturation current density 
(A/cm
2
), i.e., the current density passing through the diode when a relatively high 
reverse bias is applied. Fig. 1.6 shows the equivalent circuit diagram of a solar cell, 
where a constant-current source is in parallel with the junction. Jph is photocurrent 
density generated under illumination (A/cm
2
). Rsh and Rs are the parasitic shunts and 
series resistances (Ω), respectively. The Rsh can be determined from the slope of the 
current density–voltage (J–V) curve near the short-circuit current density point. While 
Rs can be extracted from the slope of J-V curve at the open circuit voltage point. In an 
ideal solar cell, the value of Rsh and Rs are respectively infinity and zero. 
 
 
 
 
 
 
 
 
Fig. 1.6 Equivalent circuit diagram of a typical silicon solar cell with a single diode 
 
 
 
 
Jph 
JD Jsh 
J 
Rsh 
Rs 
+ 
- 
V 
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From the equivalent circuit above, the expression for the current density J is shown in 
equation 1.2 
 
                                                                                                 
Where JD is the diode current density, and Jsh is the current density lost due to Rsh. For a 
single diode model, JD can be estimated using the Shockley equation of an ideal diode 
shown in equation 1.3 
 
          
       
    
                                                                   
 
Herein, n represents the diode ideality factor. For an ideal diode n=1. Therefore, if we 
substitute equation 1.3 into equation 1.2, the equation becomes: 
 
             
       
    
                                                     
 
Equation 1.4 can be further expressed as: 
 
             
       
    
     
     
   
                                   
 
Equation 1.4 &1.5 can be used to analyze the experimental J–V curves of a typical p–n 
junction, organic and hybrid solar cells under solar irradiation [15]. Several parameters 
can be deduced from the J–V curve under illumination, which will be discussed in more 
detail hereafter. 
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1.2.5 Current-Voltage Characteristics 
The measurement of I–V is one of the simplest methods to evaluate the performance of 
solar cells. The light and dark measurements of the I–V curves can be conducted by 
applying a bias voltage between the contacts of the solar cell. The measured dark I–V 
curve can give information about the charge conduction in the device.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.7 J–V characteristics of a typical PSC showing different measuring conditions 
(under illumination, and in the dark). The power density is obtained by multiplying the 
voltage by the current density. 
 
Whereas, from the illuminated J–V curve, parameters such as maximum power (Pmax), 
the short-circuit current density (Jsc), open-circuit voltage (Voc), and Fill Factor (FF) can 
be deduced. Thus, the power conversion efficiency (PCE) can be determined from these 
parameters. Fig. 1.7 shows the J–V curves of a typical PSC measured under illumination 
with simulated sunlight (AM 1.5 G, 100 mW/cm
2
). 
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1.2.6 Short-circuit current density 
The Jsc is the current that flows through the external circuit when the electrodes of the 
solar cell are short-circuited [18]. In other words, Jsc is the current density generated 
when the solar cell’s applied voltage is zero (i.e., no current is injected by an external 
voltage source) under illumination [15]. It is worth mentioning that Jsc of a solar cell 
depends on several factors such as photon flux density, the area of the light-absorbing 
material, and optical properties of the active area. 
 
1.2.7 Open-circuit voltage 
The Voc is the voltage at which no current flows through the external circuit. It is the 
maximum voltage that solar cells can supply [18].
 
For a conventional p–n junction solar 
cell, Voc is a function of T, Jph, and J0 (see equation 1.6). Also, Voc is related to the 
amount of recombination in the solar cell. 
 
    
    
 
   
   
  
                                                                            
 
1.2.8 Fill Factor 
The FF is the ratio between the maximum power generated by a solar cell and the 
product of Voc and Jsc. As shown in Fig. 1.7, the Pmax produced by a solar cell can be 
estimated using equation 1.7. 
 
                                                                                                    
 
where Jmax and Vmax are the corresponding maximum voltage (V) and current density of 
the solar cell, respectively. The mathematical expression of the FF is shown in equation 
1.8 
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1.2.9 Power Conversion Efficiency 
The PCE or η can be estimated as the ratio of the Pmax generated by a solar cell to the 
incident power (Pin) [18]. For AM 1.5G, Pin is calculated to be 1000W/m
2
. This has 
become the standard value for measuring the η of solar cells. The η of a solar cell can be 
calculated using the expression in equation 1.9. 
 
  
    
   
  
        
   
                                                                    
 
Using the definition of the FF, η can also be expressed by equation 1.10 
 
  
    
   
  
          
   
                                                                     
 
1.2.10 Quantum Efficiency Measurements 
The quantum efficiency involves the external quantum efficiency (EQE) and internal 
quantum efficiency (IQE) [19]. The EQE is the number of extracted electron-hole pairs 
per incident photon (equation 1.11).  
 
    
                             
                          
                                             
 
IQE can be determined by the light reflectance and the spectral response. EQE is 
sometimes called the incident photon-to-current efficiency (IPCE). The latter is a 
technique used to evaluate how different absorbing materials used in the cell affect the 
photocurrent generation [15]. In most cases, EQE is measured with a light source 
(realized by a monochromatic light) at low light intensity. Fig. 1.8 shows the IPCE 
curve of PSC with an excitonic absorption peak at around 780 nm. Usually, for ideal 
quantum efficiency, the IPCE value reaches 100% for the entire absorbance wavelength. 
However, in solar cells, the quantum efficiency is usually less than 100% due to 
recombination effects and defects in the device.  
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        Fig. 1.8 a typical IPCE curve of PSC  
 
IPCE can be calculated using the following expression in equation 1.12. 
 
        
      
      
                                                                                               
 
where h is the Planck’s constant (J.s), c is the speed of light (m/s), λ is the wavelength 
of light (nm), e is the elementary charge (C), and Pin is the photon flux. In DSSCs, IPCE 
can be expressed according to equation 1.13) [20]. 
 
                                                                                                          
 
where ηLHE is the light harvesting efficiency at a certain wavelength, ηinj is the electron 
injection efficiency, and ηc is the electron collection efficiency. Inorganic solar cells, the 
EQE can be represented by the product of each efficiency described in equation 1.14 
[21]. 
 
                                                                                                            
where    is the light absorption efficiency,     is the exciton diffusion efficiency to the 
donor–acceptor interface,     is the charge transfer efficiency, and     is the charge 
collection efficiency at the electrodes. In principle, the Jsc can be calculated by the 
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integration of IPCE for the whole solar spectrum. The relationship between the IPCE 
and the corresponding Jsc is shown in equation 1.15.  
 
    
 
  
         
    
    
                                                                         
 
where          is assumed to be equivalent to photon flux. It is worth mentioning that in 
practice, the Jsc estimated according to equation 1.15 does not always match well the 
corresponding value obtained from the J–V measurements. This is due to the mismatch 
between the spectral irradiance provided by the solar simulator and AM 1.5G spectrum. 
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1.3 Perovskite solar cells 
1.3.1 What is Perovskite? 
Perovskite is any material that has the same mineral structure of calcium titanium oxide 
(CaTiO3). The structure CaTiO3 was discovered by a German mineralogist Gustav Rose 
in 1839. Perovskite derived its name from a Russian mineralogist Lev A. Perovski 
(1792–1856), following his pioneering work on the mineral structure [22]. The family 
of perovskite has the general formula ABX3, where A and B are cations of different 
sizes, and X is an anion, where X=oxygen, halogens, or alkali metals (Fig. 1.9). Among 
the perovskite family, oxide-based perovskites have been extensively studied because of 
their superior ferroelectricity, magnetic, and superconductive properties [23, 24]. In 
1958, Moller characterized the first halide-based perovskite structure, cesium lead 
halide (CsPbX3) [25]. Later, in 1978 Weber and Naturfosch studied methylammonium 
lead halide (CH3NH3PbX3, where X=I, Cl, Br). In the 1990s, Mitzi and coworkers 
studied the optoelectronics properties of CH3NH3PbX3 perovskites, which was later 
employed in thin films transistors (TFT) and light-emitting diodes (LED) [26]. 
 
 
 
 
 
 
 
Fig. 1.9 Cubic structure of CH3NH3PbI3 perovskites with the general chemical formula  
ABX3 organic or inorganic cations occupy position  A  (green) whereas metal cations 
and halides occupy the  B  (blue) and  X  (purple) positions, respectively. Adapted from 
reference [27]. 
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1.3.2 Perovskite crystal structure and composition 
As mentioned in section 1.3.1, the general formula of perovskite is ABX3.The most 
researched perovskites are methylammonium lead triiodide perovskite (CH3NH3PbI3),  
mixed halide perovskites (CH3NH3PbI3-xClx and CH3NH3PbI3-xBrx), and 
formamidinium lead triiodide (NH2CHNH2PbI3, FAPbI3) adopt the general perovskite 
chemical formula ABX3. Where A is the organic cations CH3NH3
+
 (MA
+
) and 
HC(NH2)2
+ 
(FA
+
), B is metal cation (Pb
2+
, Sn
2+
), and X is halide anion (Cl
-
, Br
-
, I
- 
or 
mixed halides) [28].
 
In an ideal perovskite crystal structure, B is surrounded by an 
octahedron of anions [BX6
4-
], while A is 12-fold cuboctahedra coordinated with X 
anions, as shown in Fig. 1.9 [27, 29]. It is worth noting that the degree of stability and 
physical properties of perovskites (electronic, magnetic, and dielectric) depends 
crucially on the tolerance factor. The Goldschmidt tolerance factor (t) (Equation 1.15) 
can be used to measure the distortion between the A–X and B–X bond lengths [30]. 
  
        
         
                                                                                                           
Where RA, RB, RX, is the ionic radii of A, B, X, respectively.  
 To alleviate the mismatch of crystal components and octahedral tilting of 
perovskite, t should be close to 1. Typically, the cubic structure for oxide perovskites is 
in the range 0.89<t<1 [31], whereas halide perovskite ranges from 0.85<t<1.11 [32].
 
For 
hybrid halide perovskite, the B site is normally surrounded by a large atom of Pb or Sn. 
Therefore, A site must be large enough to maintain the tolerance factor. If the A site is 
not large enough, the cubic structure and symmetry will be distorted and reduced, 
respectively. When A site is surrounded by voluminous anions, such as long-chain 
alkylamine, the lead halide perovskite becomes a two-dimensional (2D) layer structure 
[33, 34]. Li et al. proposed the octahedral factor (µ) shown in equation 1.16 can be used 
to further support the Goldschmidt’s tolerance factor [32]. 
  
  
  
                                                                                                                               
For halide perovskite µ is in the range of 0.442-0.895 [32].
 
t and µ provide a useful 
guideline for predicting halide perovskite formability. However, they are not entirely 
sufficient for determining structures of all the perovskite family [24, 32]. Furthermore, 
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according to X-ray diffraction (XRD) results, perovskite crystals have different phases 
such as cubic, tetragonal, and orthorhombic [35]. Typically, perovskites adopt cubic 
structures and encounter phase transitions from cubic to tetragonal to orthorhombic with 
respect to temperature [36]. Kanatzidis et al. have studied the structural phase α, β, γ 
transformations for the most researched hybrid perovskites. Where α, β, and γ signify 
high temperature, intermediate temperature, and low-temperature phases, respectively 
[37].
 
 
1.3.3 Overview of the development of perovskite solar cells 
In 2006 Miyasaka and co-workers first incorporated CH3NH3PbBr3 perovskites as a 
sensitizer on nanoporous TiO2 in liquid electrolyte-based dye-sensitized solar cells 
(DSSCs) and achieved an efficiency of 2.2% [38]. Later in 2009, the PCE of their 
device reached 3.8% by replacing the Br with I [39].
 
It was found that the devices were 
prone to dissolution and poor stability due to the polar electrolyte solution. In 2011, the 
PCE of perovskite-sensitized solar cells gradually increased to about 6.5% by Park and 
co-workers [40]. To further improve the PCE and stability of PSCs a solid electrolyte 
2,2',7,7'-tetrakis (N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-
OMeTAD) was incorporated as a hole transport material (HTM) in 2012. This led to 
achieving a PCE of 9.7% and improved device stability [41].
 
Later, in 2012 Snaith and 
co-workers achieved a PCE of 10.9% using a mesoporous alumina (Al2O3) scaffold as 
an electron transport layer (ETL), and CH3NH3PbI3-xClx perovskite to fabricate meso-
superstructure solar cells (MSSCs) [42]. 
 
In 2013, Grätzel and co-workers reported the 
sequential deposition method to fabricate high-performance perovskite-sensitized solar 
cell and achieved an efficiency of about 15.0% [43].
 
In order to simplify the device 
architecture, later in 2013, Snaith and co-workers developed n-i-p (n, i, p refers to the 
electron transporting layer, light-absorber layer, and hole transporting layer, 
respectively) planar heterojunction structure PSCs. The planar PSCs without the 
mesoporous layer exhibited a PCE of 15.4% [44].
 
Since then, the PCEs of PSCs with 
various geometries and processing methods have been developed, and its PCE reaching 
22.1% [45].
 
It has been widely reported that the high efficiency exhibited by PSCs can 
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be attributed to its excellent photovoltaics properties such as tunable bandgaps [46], 
large absorption coefficients [41], high charge carrier mobility [47], long exciton 
diffusion length [48, 49], and small exciton binding energy (<50 meV) [50]. 
 
1.3.4 Perovskite solar cell architectures 
In this type of solar cell, the light-absorbing layer (perovskite) is usually sandwiched in 
between an ETL and a hole transport layer (HTL). Since the first report of PSC by 
Miyasaka and coworkers in 2009, various architectures have been developed to 
fabricate high-performance PSC. In this section, I will discuss only the most commonly 
used structures, which are: (a) Mesoporous structure, (b) Bi-layer mesoporous structure, 
(c) n-i-p planar structure, (d) p-i-n planar structure. 
 
1.3.5 Mesoporous structure 
The first geometry of PSC evolved from the solid-state DSSCs structure. Fig. 1.10(a) 
shows the schematic illustration of a typical mesoporous structure. The mesoporous 
structure is made up of fluorine-doped tin oxide (FTO) glass substrate followed by a 
compact ETL (usually titanium oxide (TiO2) with a thickness of about 50 nm). Next is a 
mesoporous ETL (TiO2, Al2O3) with a film thickness of about 350 nm or more. The 
light-absorbing layer “perovskite” is deposited onto the mesoporous layer followed by a 
HTL (e.g., Spiro-OMeTAD) with a film thickness of about 250 nm. Finally, about 80 
nm of a metal contact (Au) is deposited on the HTL [40-43]. A PCE of over 15.0% has 
been achieved with the mesoporous structure [43]. 
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Fig. 1.10 The schematic illustrations of the (a) mesoporous structure, (b) bi-layer 
structure, (c) n-i-p planar structure and (d) p-i-n planar structure. FTO, ITO, ETL, and 
HTL represents fluorine-doped tin oxide; Indium-doped tin oxide, electron transport 
layer, and hole transport layer, respectively. 
 
In this type of structure, the perovskite light-absorbing layer is usually fabricated by 
two-step deposition method [43]. The surface coverage, grain size, uniformity, 
roughness of the perovskite layer, which is solely controlled by the underneath 
mesoporous layer strongly, affects the device performance and reproducibility [51-53]. 
The mesoporous structure has the advantage of less pronounce hysteresis in the J–V 
measurements and the disadvantage of the high-temperature annealing process. The 
mesoporous structure is not a feasible approach when considering large area device on a 
low-temperature flexible substrate.  
 
 
 
(a) (b) 
(c) (d) 
Mesoporous perovskite 
ETL 
HTL 
Ag/Au 
FTO 
Mesoporous TiO2/ 
Perovskite 
HTL 
Ag/Au 
ETL 
FTO 
Capping layer 
Mesoporous TiO2/ 
Perovskite 
ETL 
Ag/Au/Al 
HTL 
FTO/ITO 
Perovskite 
HTL 
Ag/Au 
ETL 
FTO 
Perovskite 
(a) ) 
(c) (d) 
20 
 
1.3.6 Bi-layer structure 
Fig. 1.10 (b) shows the schematic illustration of the bi-layer structure. The overall 
thickness of the mesoporous scaffold of this type of structure is usually thinner than the 
conventional mesoporous structure [54, 55]. The capping layer structure was developed 
to prevent possible shunting pathways in the device, which results from insufficient 
pore-filling of the perovskite into the mesoporous scaffold [54, 56, 57]. PSCs 
employing the bi-layer structure have demonstrated high PCEs (>15%) with negligible 
J–V hysteresis [58, 59, 60]. 
 
1.3.7 n-i-p planar structure 
Fig. 1.10 (c) shows the schematic illustration of a typical n-i-p planar structure, which 
consists of FTO/ETL/perovskite/HTL/metal contact (Au/Ag). The ideology of n-i-p 
planar PSCs could be tracked back to Al2O3-based mesoporous PSC [42]. Snaith and 
coworkers found that high-performance PSCs could be achieved without the 
mesoporous TiO2 ETL. In 2013, Snaith et al. achieved a PCE of 15% for planar based 
PSCs fabricated via vapor deposition method [32, 44]. Since then n-i-p planar PSC 
architecture has gained considerable attention among the PSCs research community. 
The planar structure was feasible because the metal halide perovskite exhibits ambipolar 
properties, long charge carrier diffusion lengths of about 100 nm for CH3NH3PbI3 and 
1000 nm for CH3NH3PbI3-xClx [48, 49]. This architecture offers the advantages of 
simplified device geometry, easy fabrication methods, versatility for device 
optimization and low cost for mass production. However, n-i-p planar PSC also suffers 
from poor film formability especially when prepared using solution process and much 
worse J–V hysteresis than the mesoporous devices [61, 62]. 
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1.3.8 p-i-n planar structure 
Fig. 1.10 (d) shows the schematic illustration of a typical p-i-n planar structure PSC. 
The concept of this type of architecture was derived from the traditional organic solar 
cells [63].
 
The first p-i-n planar PSC employed the traditional poly 3,4-
ethylenedioxythiophene): poly(styrenesulfonic acid) (PEDOT: PSS) and fullerene 
derivative as the HTL and ETL, respectively, which exhibited a PCE of 3.9% [63]. At 
that time, it was found the non-constant perovskite morphology on PEDOT: PSS HTL 
led to the low PCE. To optimize the PCE of p-i-n PSC structure, several attempts were 
made to improve the perovskite film formation and interface engineering [64-70]. It is 
worth noting that the p-i-n PSC structure has the advantages of the possibility of low-
temperature preparation, avoiding the need of dopants in the HTL and compatibility 
with organic electronics manufacturing processes [71]. These features are somewhat 
difficult to achieve in n-i-p PSC structure. 
 
1.3.9 Energy band diagram of typical PSCs 
Perovskite CH3NH3PbI3 is a direct bandgap semiconductor material with an optical 
band gap energy approximately 1.5eV, which correspond to an absorption onset of 
about 800 nm. The large absorption coefficient in the visible region (~10
5
 cm
-1
) enables 
efficient light-harvesting by building a high density of photoexcited charges with ~ 300 
nm thick layer [41, 46, 72]. 
 
 
 
 
 
 
Fig. 1.11 Energy band diagram of n-i-p PSC describing the process of light absorption 
and generation of free carriers. hv is the photon energy, where h is the Planck’s constant 
and v is the photon’s frequency. 
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 Fig. 1.11 shows the energy band diagram of a typical n-i-p structure PSC 
demonstrating the process of the charge transfer mechanisms. According to previous 
reports, the 1.5 eV band gap of CH3NH3PbI3 perovskite is mainly determined by the 
[PbI4]
6- 
network. This suggests that the organic component somewhat does not influence 
the band gap energy, however, is responsible for the formation of the 3D perovskite 
crystal [73-78]. As shown in Fig. 1.11, absorption of photons creates electron-hole pairs 
in the perovskite. These charge carriers could exist as free carriers or form excitons with 
a small binding energy in the range of a few milli-electron volts (19-50 meV), which is 
contrary to that observed in organic solar cells [79]. Next, the electron-hole pairs are 
thermalized and transported to the ETL and HTL respectively. Finally, the electron and 
hole are extracted by the FTO and metal contact (Au or Ag), and thus a complete circuit 
is formed. The CH3NH3PbI3 perovskite possesses excellent attributes that are crucial for 
the development of efficient solar cells. Among these attributes, the strong optical 
absorption, long electron-hole diffusion lengths, and small exciton binding energy or 
non-excitonic nature of the charge generation are essential to the outstanding 
performance of PSCs. Most especially, the high Voc observed in PSCs, which further 
suggest that the energetic cost associated with exciton splitting is not predominant 
[79,80, 81]. 
 
 
1.3.10 Deposition of metal halide perovskite film 
In PSCs, the quality of the perovskite film is paramount important. It often determines 
the performance of the device. To achieve high-performance PSCs, it is crucial to 
fabricate perovskite film with high crystalline and uniform morphology. Perovskite 
films can be fabricated via vapor deposition and solution process methods [44,82-84]. 
The vapor deposition method was firstly demonstrated by Snaith and coworkers in 2013 
[44]. They employed dual source evaporation systems that separately contain the 
methylammonium iodide (CH3NH3I) and lead chloride (PbCl2) to deposit high-quality 
CH3NH3PbI3-xClx films, exhibiting a PCE of about 15.0% (Fig. 1.12(a)). Despite the 
high PCEs achieved by vapor deposition methods, it has the disadvantage of the 
possibility of high-cost manufacturing, since it requires advanced and expensive 
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vacuum facilities. As demonstrated by Chen et al., the vapor-assisted solution process 
(VASP) is combining solution process of lead iodide (PbI2) layer and vapor deposition 
of CH3NH3I to form perovskite film with full coverage, microscale grain size and 
uniform grain structure, which exhibited a PCE of about 12.1% (Fig. 1.12(b)) [84]. 
 
 
 
 
 
 
Fig. 1.12 Schematic illustration of perovskite film deposition. (a) Dual-source thermal 
evaporation system, adapted from reference [44]. (b)Vapor-assisted solution process, 
adapted from reference [84]. 
 Solution process methods are divided into two major types: one-step and two-
step methods. Under the two-step methods, there are two types of techniques: (i) 
sequential deposition and (ii) two-step spin-coating methods. The solution processing 
methods have the advantages of ease fabrication and low-cost manufacturing even on 
large substrates. Among all the deposition methods, one-step solution method is the 
simplest and easiest. It involves the spin-coating of a mixture of PbX2 and CH3NH3X 
(X=Cl, Br, I) in a polar solvent such as γ-butyrolactone (GBL), N,N-dimethylformamide 
(DMF) or dimethylsulfoxide (DMSO) on top of the planar substrate or a mesoporous 
scaffold and followed by thermal annealing (Fig. 1.13) [41,42,61,85-88]. Perovskite 
films prepared by one-step solution process are usually prone to pinhole and non-
constant morphology especially on planar substrates [61]. 
 
 
 
(a) 
(b) 
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                    Fig. 1.13 Schematic illustration of one-step spin-coating method  
             The two-step sequential deposition method was first reported by Mitzi and 
coworkers in 1998 to make perovskite film [89]. In 2013, Grätzel and coworkers 
adopted this approach to fabricate high-quality perovskite film on a mesoporous 
structure [43].
 
The two-step sequential method involves the spin-coating of the PbI2 
precursor onto a mesoporous or planar substrate to form PbI2 film and followed by 
dipping into CH3NH3I- Isopropanol (IPA) solution to form CH3NH3PbI3 (Fig. 1.14(a)). 
In this method, the morphology of the final perovskite film depends on the nature of the 
PbI2 film, and the dipping time of PbI2 film into the CH3NH3I-IPA solution [32]. The 
two-step sequential deposition method is mostly suitable for mesoporous structure PSCs. 
However, on planar substrates, the perovskite formation is usually associated with 
problems such as dissolution and peeling-off due to the long soaking time of PbI2 film 
into the CH3NH3I-IPA solution [32, 89, 90]. The long soaking time is required to 
achieving sufficient diffusion and intercalation of CH3NH3I into the compact PbI2 films 
[32].
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Fig. 1.14 Schematic illustration of: (a) sequential deposition method (b) two-step spin-
coating method.  
 
 In order to circumvent the problem of incomplete conversion of PbI2 into 
perovskites, and gain a better control of perovskite morphology, Park and his co-
workers proposed the two-step spin-coating approach, in which the CH3NH3I-IPA 
solution is dropped onto the PbI2 precursor film, followed by spin coating (Fig. 1.14(b)) 
[32, 58, 92]. Later in 2014, Xiao et al. adopted the two-step spin-coating approach and 
developed the interdiffusion strategy. The resultant perovskite film was treated by a 
solvent-vapor-assisted annealing which led to a high-quality perovskite film [66,68].
 
Since then, several research groups have adopted the two-step spin-coating method or 
the modified interdiffusion approach to fabricate high-performance and reproducible 
PSCs [66,68,93-96]. Compared to two-step sequential method, two-step spin-coating 
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technique is a well-defined method because it can quantitatively manage the fabrication 
process [92]. 
 
1.3.11 Drawbacks of PSCs
 
PSCs are faced with some challenges such as poor stability, lead toxicity, and hysteresis 
in J-V measurements. Among these issues, the stability of PSCs has been pinpointed as 
one of the most challenging pitfalls. In Niu et al. review paper, they identified oxygen 
and moisture, ultra-violet (UV) light, solution processing and temperature as the key 
issues causing degradation in perovskite film [97].
 
They reported that oxygen together 
with moisture could lead to irreversible degradation of CH3NH3PbI3 as shown in the 
reactions below. 
CH3NH3PbI3 (s)             PbI2 (s) + CH3NH3I (aq)          (1.17) 
CH3NH3I (aq)            CH3NH2 (aq) + HI (aq)                     (1.18) 
4HI (aq) + O2 (g)            2I2 (s) + 2H2O (l)                          (1.19) 
2HI (aq)             H2 (g) + I2(s)                                              (1.20) 
It was found that the absorption of the TiO2/CH3NH3PbI3 film between 530 nm and 800 
nm greatly decreased after exposure to air with a humidity of 60% at 35ºC for 18 h. The 
group further confirmed the degradation of the perovskite film by comparing XRD 
patterns before and after exposure to moisture [97].
 
Contrary to Niu et al. report, Kamat 
and coworkers found that the reaction of CH3NH3PbI3 with H2O leads to the formation 
of a hydrate phase, such as (CH3NH3)4PbI6⋅2H2O, in addition to PbI2 [98]. Later Leguy 
et al. suggested that the crystal structure formed after the degradation is a different 
hydrate phase of CH3NH3PbI3⋅H2O and proposed that the intermediate 
CH3NH3PbI3⋅H2O further decompose into (CH3NH3)4PbI6⋅2H2O and PbI2 phases 
[99,100]. These conflicting findings further suggest that the degradation mechanism of 
PSCs is not fully understood. In order to improve the PSCs stability, several approaches 
have been proposed [101-105]. Among these approaches is the introduction of 
CH3NH3Br into the chemical structure of the unstable CH3NH3PbI3 [97, 106]. 
H2O 
light 
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Surprisingly, the device with CH3NH3Br showed good stability after exposure to 55% 
humidity for 20 days with high PCE [107].
 
Niemann et al. found that the replacement of 
an organic ligand CH3NH3I with an alkali metal such as Cesium (Cs) or Rubidium (Rb) 
can improve the stability of PSCs [108, 109]. Tai et al. reported improved stability for 
CH3NH3PbI3-x(SCN)x compared to CH3NH3PbI3 [110]. Karunadasa and co-workers 
reported that the two-dimensional (2D) hybrid perovskite (PEA)2(MA)2[Pb3I10] (PEA = 
C6H5(CH2)2NH3
+
, MA = CH3NH3
+
) as light-absorber in PSCs can improve stability 
[111].
 
 Another critical issue is the toxic heavy metal (Pb) contained in PSCs. To address 
this issue, significant efforts have been made to fabricate lead-free PSCs. In 2014, 
Kanatzidis and co-workers reported the first attempt using the lead-free perovskite of 
methylammonium tin iodide (CH3NH3SnI3) as the light-absorbing material to fabricate 
solution-processed solid-state photovoltaic devices, which exhibited a PCE of 5.23% 
[112]. In an attempt to improve the PCE of CH3NH3SnI3 PSCs, the chemical reaction of 
iodide with bromide enabled the efficient energetic tuning of the band structure of the 
perovskites, resulting to a PCE of 5.8% [112].
 
It is worth mentioning that CH3NH3SnI3 
PSCs suffers from poor atmospheric stability and PCEs. This poor performance is 
attributed to the p-type doping via Sn
2+
 oxidation induced during the fabrication process 
[112].
 
To improve the performance of CH3NH3SnI3 PSCs, tin fluoride (SnF2) was added 
to CH3NH3SnI3 to efficiently turn the CH3NH3SnI3 into Sn
2+
-rich material that can 
suppress the formation of Sn vacancies [113]. Another strategy was to introduce 
hydrazine into CH3NH3SnI3 which induced the suppression of Sn
4+
 formation and 
resulting in improved carrier lifetime and reduced defect- and trap-induced 
recombination in Sn-based perovskite film [114]. These techniques led to substantial 
improvement in the performance of CH3NH3SnI3-based PSCs. Also, significant efforts 
have been made to develop perovskite derivatives by the substitution of Pb with other 
metals such as germanium (Ge), bismuth (Bi), antimony (Sb) and so on [106,102]. 
However, their performance is still deficient compared to the Sn-based PSCs.  
  
28 
 
 Pertaining the Pb-based devices, it has been estimated that upon dissolution of 
perovskite layer of a module with the one-meter square area, the impact would not be 
disastrous due to the relatively small amount (<1g) of lead contained [106,115]. 
Furthermore, proper device encapsulation could limit the Pb leakage during the cell 
operation, and appropriate end-of-life disposal could further reduce environmental 
effects of Pb [106, 116]. 
 Another severe drawback of PSCs is the anomalous hysteresis in J–V curves, 
which is the difference in the current measured in the forward and reverse scanning 
directions. Snaith and his co-workers in 2014 observed for the first time anomalous 
hysteresis in PSCs [117].
 
It was found that the J–V measurements strongly depend on 
the voltage sweep rate and scan direction (forward and reverse voltage scanning, i.e., 
from short-circuit to open circuit, and from open circuit to short-circuit, respectively), 
which becomes more severe as the scan rate is slowed down [117].
 
In their studies, three 
types of PSCs architectures: (i) planar heterojunction solar cells, (ii) perovskite-
sensitized solar cells fabricated on mesoporous TiO2, and (iii) meso-superstructured 
solar cells (MSSCs) with Al2O3 scaffold were employed to unravel the origin of 
hysteresis. Furthermore, it was found that hysteresis predominantly arises from the 
perovskite absorber in the solar cell. Also, the device architectures and contact materials, 
including p- and n-type contacts can determine the degree of hysteresis [117].
 
To shed 
more light on their findings, Snaith and his co-workers further hypothesized three 
possible origins of hysteresis: (i) trapping and detrapping of charge carriers within the 
perovskites, (ii) ferroelectric properties of the perovskite of the materials, and (iii) 
interstitial defects in the perovskite caused by ions migration [117]. Later in 2014, Park 
and co-workers reported that capacitive characteristics and crystal size of CH3NH3PbI3 
are found to influence J–V hysteresis [118]. It was found that the J–V hysteresis is 
alleviated as crystal size increases. Interestingly, the inverted planar structure PSCs with 
fullerene as ETL has shown negligible hysteresis [65,70, 119-121]. The fullerene can 
penetrate or diffuse into the perovskite layer through the grain boundaries during spin-
coating and annealing [121, 122]. Moreover, the fullerene interacts with the mobile ions 
in the perovskite to form a fullerene halide radical [110], which stabilizes the 
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electrostatic properties of the perovskites, mitigates the ionic movement in the 
perovskites, and thus resulting in negligible hysteresis [121-124]. 
 
1.4 Objective of study 
Renewable and clean energy supplies are indispensable for sustainable economic 
development, environmental safety, and the mitigation of global warming. Among 
various renewable energy technologies, solar cells are probably the most promising 
alternative to conventional fossil fuels. Recently, solar cells based on organic-inorganic 
perovskite light-absorbing materials have attracted considerable attention among the 
photovoltaic research community due to their low fabrication cost and high PCEs.  In 
PSCs, the light-absorbing layer (perovskite), which is usually sandwiched between the 
ETL and HTL is one of the most significant components, suggesting that it must be 
high-quality to guarantee high PCEs. Since perovskite materials are moisture sensitive 
and unstable when exposed to high humid environments, they are usually fabricated 
using humidity control facilities such as glovebox and deposition machines. The use of 
such expensive vacuum facilities would significantly increase its production cost and 
energy payback time thereby hampering its commercialization. It is believed that PSCs 
would be more attractive and cost-effective if it can be fabricated in the air like the 
DSSCs. Moreover, the PCE strongly depends on the fabrication method; it is essential 
to efficiently and meticulously study the device fabrication methods under different 
condition for the future application. In this thesis, we proposed simple and efficient 
ways to fabricate high-quality perovskite films with improved uniformity for high-
performance planar PSCs under ambient air condition. 
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1.5 Composition of thesis 
In this thesis, we proposed novel device fabrication methods and evaluated the device 
characteristics. This paper consists of 6 chapters. Chapter 1 shows the research 
background of solar cells and PSCs. Chapters 3 to 5 is the research content of this thesis, 
and Chapter 6 is the summary.  
Chapter 1 describes the importance of solar energy and why it is preferable to the 
energy from fossil fuel. It further introduces solar cell, types of solar cells as well as the 
fundamental theories and physics of solar cell. The latter part of chapter 1 presents a 
general review on perovskite as an excellent light-absorbing material for solar cells. It 
also covers further discussions on PSCs such as the development of PSCs, device 
architectures, energy band diagram of a typical PSC, deposition methods of metal halide 
perovskite thin films and drawbacks of PSCs. 
Chapter 2 introduces the experimental methods, device fabrication and evaluation 
methods used in this thesis.  
Chapter 3 proposes a simple and efficient way to fabricate PSCs. The PSC was 
fabricated using two-step spin-coating method together with air-assisted flow under 
ambient air condition. The correlations between the films prepared with and without 
airflow and device performance are systematically investigated.  
Chapter 4 describes planar PSCs fabricated by a simple one-step solution process and 
antisolvent bath (ASB) methods under ambient air condition.  Diethyl ether (DEE), 
which has a low boiling point and no solubility or reactivity with the perovskite 
precursors, was used to extract the N-methyl-2-pyrrolidone (NMP) and γ-butyrolactone 
(GBL) solvents from the spin-coated solution film. This enabled a uniform, highly 
smooth and glossy perovskite film. The morphology and grain growth of the resultant 
perovskite film were further improved by solvent annealing (SA) approach. Perovskite 
films treated with SA, thermal annealing (TA) and without treatment were 
systematically investigated. Device containing films prepared with SA, TA and without 
annealing were fabricated and analyzed. This work highlights the importance of SA for 
perovskite film prepared by a one-step solution process and ASB method and offers a 
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simple and attractive way to fabricate high-performance PSCs under ambient air 
condition. 
Chapter 5 introduces planar PSCs based on low-temperature amorphous tungsten oxide 
(WOx)/fullerene C60 ETLs. The WOx/C60 ETLs were fabricated using solution-process. 
The perovskite film was deposited using one-step solution process and ASB method in 
ambient air, further suggesting the robustness of this method. The C60 layer is 
incorporated to suppress the inherent charge recombination at the perovskite/WOx 
interface. The effect of incorporating C60 interlayer on the device performance was 
systematically investigated. This work demonstrates that WOx/C60 ETLs can work 
together to enhance the performance of PSCs. Moreover, a  potential low-temperature 
approach. 
Chapter 6 summarizes the issue discussed in this thesis and its significance, and the 
scope of future research.  
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Chapter 2  
Experimental Methods and Characterization  
2.1 Materials and reagents 
Methylammonium iodide (CH3NH3I) was synthesized in accordance with the reported 
procedures [1]. Fluorine-doped tin oxide (FTO) glass substrates (sheet resistance: 12 
Ω/sq.) were purchased from Asahi Glass. Semico-Clean, acetone, isopropanol, tungsten 
hexachloride (WCl6; ≥99.9%, Sigma-Aldrich), titanium(IV)isopropoxide (99.0%), 
ethanol, acetonitrile, dichlorobenzene, dimethyformamide (DMF) (Sigma-Aldrich, 
99.8%), N-methyl-2-pyrrolidone (NMP; >99%, Sigma-Aldrich), γ-butyrolactone (GBL; 
>98.5%, Sigma-Aldrich), anhydrous diethyl ether (DEE; >99.0%, Sigma-Aldrich), 
dimethyl sulfoxide (DMSO; 99.0%, Wako), fullerene C60 (>99%, Jilin OLED Material), 
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-OMeTAD), 
and PbI2 (99.0 %, Sigma-Aldrich) were used without further treatment. 
 
2.2 Fabrication of perovskite solar cells 
In this study, the n-i-p planar structure (see section 1.3.7 of chapter 1) was used for the 
fabrication of perovskite solar cells (PSCs). The entire process except for the deposition 
of back contact electrode (Au) was carried out by solution process under ambient air 
condition. In this section, I will mention the fabrication steps of PSCs. 
 
2.2.1 Preparation of working electrode 
Fig. 2.1a shows the schematic diagram of the patterned FTO glass substrate. While Fig. 
2.1b presents the ultraviolet (UV) ozone treatment equipment. In this thesis, FTO glass 
substrates were used as the substrate. It was patterned by etching with hydrochloric acid 
(HCl) and zinc powder and sequentially cleaned with Semico-Clean, ultrahigh purified 
water, acetone, and isopropanol. The cleaned FTO glass substrate was transferred into 
the chamber of the UV ozone cleaner (Nippon Laser and Electronics (NLE-UV253)). 
The chamber was purged by O2 at 0.2 MPa for 1 min then treated with UV-light for 15 
min.  After the UV ozone treatment, the chamber was purged by 0.2 MPa N2 for 1 min 
to eliminate the remaining ozone [2]. 
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Fig. 2.1 Schematic diagram showing the patterned FTO glass substrate, (b) UV-Ozone 
treatment equipment [2]. 
 
2.2.2 Deposition of compact TiO2  as an electron transport layer 
Fig. 2.2a shows the chemical structure of titanium(IV) isopropoxide (TTIP). Fig. 2.2b  
describes the fabrication process of the compact TiO2 electron transport layer (ETL). 
The compact TiO2 ETL was prepared by spin-coating a solution of TTIP (1.5 ml) in 
ethanol (10 ml) and HCl (0.1 ml) onto the cleaned FTO substrates at 3000 rpm for the 
20s to form an approximately 50-nm-thick layer. All the samples were moved onto a hot 
plate and kept at 125 C for 20 min and then sintered at 500 C for 30 min (Fig. 2.2b). 
 
 
 
 
 
 
 
 
 
Fig. 2.2 (a) Chemical structure of titanium(IV) isopropoxide. (b) Schematic illustration 
of the fabrication of compact TiO2 layer. 
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2.2.3 Deposition of amorphous tungsten oxide/fullerene C60  as electron transport 
layer 
Fig. 2.3 describes the fabrication method of amorphous tungsten (WOx) and C60 
fullerene ETLs. The WOx ETL was prepared by a low-temperature solution process 
described in a previous report [3]. 0.1 g/mL WCl6 was dissolved in ethanol and stirred at 
50 °C. The solution was spin coated on clean FTO substrates in the air at a spin speed of 
3000 rpm for 30 s. The films were subsequently annealed on a hot plate in the 
atmosphere at 150 °C for 10 min. The thickness of the WOx film is about 50 nm. 
WOx/C60 ETLs were prepared by spin coating C60 dichlorobenzene (DCB) solutions (15 
mg/ml) on WOx films at a spin speed of 2500 rpm for 30 s. The thicknesses of C60 films 
were controlled by varying the concentration of C60 in DCB.  
 
 
 
 
 
Fig. 2.3 Schematic illustration of the fabrication of WOx/C60 fullerene ETLs  
 
2.2.4 Deposition of perovskite film 
The perovskite films were fabricated using solution process method. In chapter 3 of this 
thesis, the perovskite film was prepared using air-assisted flow and two-step spin-
coating method. While in chapter 4 and 5, the perovskite films were prepared using one-
step solution process and antisolvent bath (ASB) method. These methods are described 
in chapter 3 and 4. 
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2.2.5 Deposition of hole transport layer 
In this thesis, Spiro-OMeTAD (Fig. 2.4a) was used as the hole transport material (HTM). 
The hole transport layer (HTL) was fabricated by spin coating a Spiro-OMeTAD 
solution on top of the perovskite film at 2000 rpm for 60 s to form an approximately 
250-nm-thick layer (Fig. 2.4b). The Spiro-OMeTAD solution was prepared by mixing 
17.5 μl of lithium bis(trifluoromethanesulfonyl) imide (Li-TFSI) solution (520 mg of 
Li-TSFI in 1 ml of acetonitrile) and 28.8 μl of 4-tert-butylpyridine (TBP) with 72.3 mg 
of Spiro-OMeTAD in 1 ml of chlorobenzene (CBZ) solution. 
 
 
 
 
 
 
 
 
 
Fig. 2.4 (a) Chemical structure of Spiro-OMeTAD. (b) Schematic illustration of the 
fabrication of HTL on perovskite layer.  
 
2.2.6 Deposition of back contact electrode 
The metal back contact electrode was deposited using vacuum evaporation machine 
(VTR-350M/ERH, ULVAC KIKO, Inc.) to deposit Au metal on top of the HTL at 3.4 x 
10
-4
 Pa. The Au thickness is about 80 nm. A metal mask was used to define the active 
area (0.06 cm
2 
) of the PSCs  
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Fig. 2.5 Schematic diagram of vacuum deposition system for the evaporation of Au [2], 
(b) Structure of PSCs showing the evaporated Au metal electrode and the active area.  
 
2.3 Characterization techniques 
The performance of organic-inorganic hybrid solar cells strongly depends on the device 
structure, morphology of the light-absorbing layer, and evaluation methods. It is crucial 
to gain a better understanding of how to accurately: (i) characterize the film quality, (ii) 
measure the electrical properties of the solar cells. This can be achieved by using 
various electrical, optical and morphological characterization techniques which can 
provide detailed information about the physical and electronic properties of the material 
and solar cell. In this section, I will briefly discuss the most commonly used techniques 
with high relevance for the characterization of solar cell materials and device.  
 
 
2.3.1 Current-voltage measurements 
The current-voltage (J‒V) measurements were recorded by applying external potential 
biases to the cells and recording the output photocurrent with a digital source meter 
(Agilent B2901A). A 150 W xenon lamp (Bunkoukeiki Otento-SUN3 Xe-S150) was 
applied as the light source, and the output irradiation intensity was adjusted to the AM 
1.5G condition (100 mW/cm
2
). Before each measurement, the light intensity was 
calibrated using a silicon reference cell (Bunkoukeiki). The step voltage and delay time 
were 10 mV and 10 ms, respectively. The characteristics of a typical PSCs’ J–V curves 
have been described in the section 1.2.5 of chapter 1. 
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2.3.2 Incident photon-to-electron conversion efficiency 
Incident photon conversion efficiency (IPCE) measurement was conducted in the 
wavelength range of 350-850 nm with a 300 W xenon light source and a 
monochromatic (Asahi Spectra PVL 3300) (see section 1.2.10 of chapter 1) 
 
2.3.3 Ultraviolet-Visible Absorption Spectroscopy 
Ultraviolet-visible (UV-vis) absorption spectroscopy is a technique for determining the 
electronic structure and composition of semiconductor materials based on absorption [4]. 
When UV-vis light passes through atoms or molecules of semiconductor materials, 
electrons in the atoms or molecules of the material become excited from a lower energy 
level to a higher energy level [4,5]. It is worth mentioning that the probability of 
absorption strongly depends on the material, wavelength, and the distance which the 
light travels through the material. The absorbance of a material can be expressed using 
Beer’s Lambert law in the equation below. 
 
                                                                                                                                                  
where A' is the absorbance, ɛ is the molar extinction coefficient in L mol-1 cm-1, l is the 
path length in cm, and c is the concentration of the absorbing species in mol/L. The 
samples in this thesis were measured using a UV-vis spectrophotometer (Shimadzu UV 
2450).  
2.3.4 Photoluminescence (PL) spectroscopy  
Photoluminescence (PL) spectroscopy is a powerful technique for the study and 
characterization of the electronic structure of materials, and the dynamical processes 
occurring in materials [6].
 
It involves measuring the energy distribution of emitted 
photons after optical excitation. The analyzed energy distribution is used to determine 
the properties of the material such as defect species, defect concentration, possible 
stimulated emission, band gap, recombination mechanisms and so on [6].
 
Steady-state 
PL measurement has been widely employed to investigate the origin of traps in 
perovskites, passivation effect and charge-hole recombination on the perovskite/ETL or 
HTL interfaces [7].
 
The samples in this thesis were measured using a Jasco NRS-
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5100PL laser Raman spectrophotometer. The excitation wavelength was 325.29 nm, 
and the detection range was 600-900 nm.  
 
2.3.5 X-ray diffraction  
X-ray diffraction (XRD) is a nanocrystallite size measurement technique used to 
monitor the structure of molecular orientation of materials [4,8]. This technique is 
highly relevant to the investigation and optimization of charge transport properties of 
solar cells materials [8]. The technique can measure nanocrystallite size down to as 
small as 10 Å [4].
 
In X-ray diffraction, a diffraction pattern of the sample is obtained by 
illuminating the sample with x-rays. The pattern is recorded by detectors [8].
 
Diffraction 
only occurs when the distance between the adjacent lattices planes follows Bragg’s law 
for the X-ray to be diffracted from the atomic plane [4]. In the simplest approach, as 
illustrated in Fig. 2.6, the relationship between the wavelength of the incident X-rays, 
the angle of incidence and spacing between the crystal lattice planes of atoms can be 
expressed using Bragg’s law. 
 
 
 
 
 
 
 
 
          Fig. 2.6 Schematic illustration of diffraction processes in XRD measurement. 
                                                                                                             
where n (integer) is the order of interference, λ is the wavelength of the incident X-rays 
(usually Cu Kα: λ = 1.540562 Å), d is the lattice spacing in nm, and θ is the angle of 
d 
d 
θ θ 
θ θ 
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λ 
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incidence in degrees. Note that the diffraction X-rays exhibit constructive interference 
when the distance between paths ABC and A'B'C' differ by an integer number of 
wavelength [9].
  
It is worth mentioning that from the line broadening of the diffraction 
peaks, the crystallite size D (nm) can be estimated using Scherrer’s equation shown 
below [4]. 
  
  
  
      
                                                                                                     
 
where β is the full width at half maximum intensity (FWHM), in radian. θ is the 
diffraction angle in degrees of the considered diffraction peak, and K is a shape factor 
(dimensionless) The value of K is around 0.94 but varies with the actual shape of the 
crystalline. In this thesis, the XRD patterns were recorded in the 2θ range of 5-60° using 
an X-ray diffractometer (Rigaku RINT2500V/PC) with Cu Kα radiation (40 kV, 100 
mA).  
2.3.6 Atomic Force Microscopy  
Atomic force microscopy (AFM) was invented in 1986 [11]. It is a powerful technique 
for nanoparticle size, shape, roughness, and morphology measurement. AFM can be 
employed for either single composition nanoparticles or mixed nanoparticle composites. 
Also, it can be conducted in air and liquid environments. AFM can exhibit a spatial 
resolution of about 4 nm and has the merit of easy sample preparation. It can give more 
detailed information regarding particle morphology in the z-direction than the scanning 
electron microscopy and transmission electron microscopy. However, AFM has the 
disadvantages of only analyzing small portions of the sample and long data acquisition 
time. In AFM, the three most important classes of interaction between the probe and the 
substrate are (i) contact mode, (ii) non-contact mode, and (iii) tapping mode [4]. 
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      Fig. 2.7 Schematic illustration of the working principle of AFM 
AFM is made up of a probe in the shape of a cantilever with a small tip at its free end, a 
laser, a four-quadrant photodiode, and a scanner unit (Fig. 2.7). The cantilever bends in 
response to the force between the tip and the sample [11].
 
The laser beam is focused 
onto the back of the free end of the cantilever and reflected to the four-quadrant 
photodiode. This allows detecting the bending of the cantilever with high precision. 
When the tip of the cantilever is scanned across the sample surface, the force of 
interaction between the tip and the sample modifies the static bending of the cantilever 
(i.e., when the tip is in contact) or the resonance frequency of the cantilever oscillation 
(i.e., when it is vibrated, and the tip is at a small distance from the surface) [8].
 
In this 
thesis, contact mode AFM (Keyence VN-8000 viewer and an analyzer) has been used to 
study the surface roughness and morphology of our samples.
 
 
2.3.7 Scanning Electron Microscopy  
Scanning electron microscopy is an advanced imaging technique and widely used for 
the characterization of nanoparticle size, shape, arrangement and degree of 
agglomeration [4]. 
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         Fig. 2.8 Schematic illustration of SEM set-up 
In a typical SEM, an electron gun and multiple condenser lenses produce an electron 
beam. (Fig. 2.8) The rays of the beam are deflected at a various angle of the optic axis 
by the sets of electromagnetic scan coils [12]. The objective lens focuses the electron 
beam to very fine spot (1-5 nm) and scans the sample surface in a raster pattern. When 
scanning the primary electron beam over the surface of the sample, secondary electrons 
are emitted from the sample surface and detected, thereby producing SEM image [12]. 
Also, the backscattered electrons of the electron beam might be detected. The 
backscattered electron image can be used for contrasting the sample regions. SEM has 
the advantages of superior lateral resolution and the capability of analyzing a broad 
range of scales from nanometer range to millimeter range. However, SEM lacks z 
direction morphology information, and it is also a vacuum technique [8].
 
In this thesis, 
the morphology of our samples was observed by field emission SEM (FE-SEM; JEOL 
JSM6335FM, the acceleration voltage of 10 kV). For SEM analysis, the samples were 
mounted on the sample holder and taped with a conductive tape.   
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2.3.8 Fourier Transform Infrared spectroscopy 
The compositional purity of the perovskite film was characterized by Fourier transform 
infrared spectroscopy (FT-IR) Shimadzu IR-Prestige-21, FT-IR-8400S. The 
measurements were carried out using samples prepared by the KBr pellet method. 
 
2.3.9 Kelvin Probe Measurement 
The work function of WOx and WOx/C60 films deposited on FTO substrates were 
characterized by Kelvin probe (RIKEN KEIKI FAC-1, A16621-4) vibrating capacitor 
method. The C60 films were deposited on the FTO/WOx layer by vacuum evaporation in 
a glove box [13]. The surface potential difference between Au plate and the samples and 
the work function is evaluated by using Equation 2.4. 
                                                                                                                  
where WFs is the work function of the sample surface, WFAu is the work function of the 
Au (4.9 eV) and VE is the external voltage.  
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Chapter 3 
 
Influence of air-assisted flow on the performance of planar perovskite 
solar cells fabricated by two-step spin-coating method 22, 23) 
 
3.1 Introduction 
Perovskite solar cells (PSCs) can be fabricated using various architectures and methods. 
Era et al.,
1) 
Lui et al.,
2) 
Mitzi et al.,
3) 
and Salau 
4) 
adopted vapor deposition in vacuum 
via a dual or single source to deposit the thin layer of mixed halide perovskite employed 
in planar-structured solar cells and achieved a PCE of over 15%. However, vapor 
deposition significantly raises the cost of fabrication and consequently poses a potential 
hurdle to large-scale production. The perovskite layer can be easily prepared by a 
solution-processed method. Dualeh et al., and Eperon et al., fabricated perovskite films 
using the one-step spin-coating method. However, it was found that the one-step spin-
coating method resulted in nonuniform films that permitted direct contact between the 
electron-transporting layer (ETL) and the hole-transporting layer (HTL).
5,6)
 In contrast, 
a two-step sequential deposition method that involves the spin-coating of the hot 
lead(II) iodide (PbI2) in N,N-dimethylformamide (DMF) onto mesoscopic or planar-
structured substrates, followed by dipping into methylammonium iodide‒isopropanol 
(CH3NH3I‒IPA) solution, has enabled the successful construction of uniform and fully 
covered CH3NH3PbI3 films.
7-10)
 However, depositing perovskite films prepared by two-
step dipping on a planar substrate has been reported to be associated with problems such 
as the incomplete reaction of PbI2 crystals with organic ammonium and uncontrolled 
perovskite crystal size as well as rough surface morphology.
10-12)
 These reports 
demonstrated that the resultant perovskite films are more suitable for use in 
mesoporous-structured PSCs.
8)
 Therefore, a faster and easier method in which 
perovskite formation and crystal growth can be controlled, resulting in high-quality 
films with homogeneous morphology, is exceedingly desirable for the preparation of 
planar PSCs with superior performance.  
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We investigated the effect of air-assisted flow (AAF) on the performance of 
perovskite solar cell fabricated by two-step spin-coating method.
13,14,19)
 The airflow is 
incorporated to assists in the deposition of the PbI2 and perovskite layer during the spin-
coating process. It was found that the uniformity and coverage of the perovskite light-
absorbing layer over the underlying compact-TiO2 ETL were improved by incorporating 
airflow. In addition, we meticulously investigated the effect of AAF on (i) PbI2 
crystallization, (ii) perovskite morphology, and (iii) device performance. The results of 
the device constructed with AAF (w/ AAF) and a control device without AAF (w/o 
AAF) were compared.  
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3.2 Preparation of perovskite film 
Fig. 3.1(a) shows the device structure and Fig. 3.1(b) is the schematic diagram of the 
airflow condition. Fig. 3.2 (a) and (b) describe the fabrication procedures for with and 
without AAF in the two-step spin-coating method. For the perovskite layer, a 1.1 M 
PbI2/DMF solution was consecutively spin-coated onto the TiO2 layer at 2000 rpm for 5 
s and 6000 rpm for 10 s. After a delay time of 2 s, dry air with a pressure of 0.2 MPa 
was blown over the surface of the PbI2 during the spin coating process. The height from 
the substrate to the outlet is controlled to be around 10 cm. Next, the PbI2 film was dried 
at 100 C for 10 min, then 10 mg/ml CH3NH3I/IPA solution was loaded onto the PbI2 
layer with a waiting time of 30 s before spin coating at 4000 rpm for 30 s to form about 
350-nm-thick layer. Dry air was blown over the surface of the perovskite solution for 
the duration of spin coating. After spin coating, the samples were set on the hotplate for 
crystallization at 100 C for 10 min. For w/o AAF cells used as a control group, other 
than omitting the airflow, every other condition was kept identical (Fig. 3.2 (b)). 
 
 
 
 
 
 
 
 
 
 
Fig 3.1 (a) Device structure (b) Schematic diagram of the air flow condition. The 
diameter of the air flow outlet is about 0.5 cm, and a pressure of 0.2MPa. 
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Fig. 3.2 (a) Schematic of procedure of perovskite film fabricated w/ AAF in the two-
step spin-coating method progressing from left to right. (b) Schematic of procedure of 
perovskite film fabricated w/o AAF in the two-step spin-coating method progressing 
from left to right. 
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3. 3 Results and discussion 
3.3.1 Morphological characterization 
The top-view and cross-sectional SEM images of PbI2 and CH3NH3PbI3 films prepared 
by w/ AAF and w/o AAF methods are shown in Figs. 3.3 and 3.4. For the w/o AAF 
condition, PbI2 and CH3NH3PbI3 films did not sufficiently cover the underlying 
compact-TiO2 layer, as shown in Figs. 3.3(a) and 3.3(b). Rough PbI2 and CH3NH3PbI3 
layers with several grooves that could cause a direct contact between the compact TiO2 
layer and HTL [Figs. 3.4(a) and 3.4(b), red arrows] were also confirmed. However, 
there were significant improvements when the w/ AAF method was incorporated [Figs. 
3.3(c) and 3.3(d)].The compact TiO2 underlying layer was completely covered by PbI2 
and CH3NH3PbI3 crystal particles, as shown in Figs.3. 4(c) and 3.4(d).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3 SEM images of the PbI2 and CH3NH3PbI3 films prepared by (a, b) w/o AAF 
method and (c, d) w/ AAF method. 
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Fig. 3.4 Cross-sectional SEM images of PbI2 and CH3NH3PbI3 films prepared by (a, b) 
w/o AAF method and (c, d) w/ AAF method.  
We analyzed the particle size distribution of the perovskite films fabricated w/ 
AAF, and w/o AAF by image analysis software (Nano Measure), (see Figs. 3.5(a) and 
3.5(b)). The perovskite film prepared by the w/ AAF method had particle sizes ranging 
from 100 to 320 nm with a mean particle size of 196.4 ± 21 nm. In contrast, the w/o 
AAF-based perovskite film had particle sizes ranging from 130 to 400 nm, with a mean 
particle size of 262.5 ± 51 nm. The smaller variation in particle size distribution 
exhibited by the w/ AAF perovskite film could be attributed to both the fast evaporation 
of DMF solvent in PbI2 and the IPA solvent during spin-coating. The airflow can 
promote the uniform crystallization process of the PbI2 film and control the reaction 
kinetics between PbI2 and CH3NH3I through evaporating solvents during the spin 
coating process.  
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The morphology of perovskite films with relatively uniform distributions of crystal 
sizes is expected to be beneficial in enhancing the device PCE.  
 
 
 
 
 
 
 
 
Fig. 3.5 Analysis of the particle size distribution for perovskite films (a) w/ AAF and 
(b) w/o AAF. 
Notably, we have also employed the AAF route to prepare PbI2 films, contrary 
to what had been previously reported.
15,18)
 It was found that the surface coverage and 
uniformity of CH3NH3PbI3 perovskite are strongly influenced by the morphology of 
PbI2 in two-step spin coating or sequential deposition, and by controlling the 
crystallization of PbI2 with AAF, a highly compact layer could be readily obtained.
13)
 In 
our case, the PbI2 films prepared by the w/o AAF method usually consist of larger 
crystals with rough surface, whereas the w/ AAF method yielded a much smoother 
surface [Figs. 3.6(a) and 3.6(b)]. The rough surface of the w/o AAF films could be 
attributed to the ultralow evaporation rate of DMF in ambient air, which results in low 
degrees of supersaturation and precipitation,
18)
 and thereby promote the formation of 
nonconstant perovskite morphology in the underlying compact TiO2 layer. 
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Fig. 3.6 Optical microscopy images (200 x 200 μm2) of PbI2 prepared by (a) w/ o AAF   
method and (b) w/ AAF method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.7 AFM images of PbI2 and CH3NH3PbI3 films prepared by (a), (b) w/ AAF 
method and (c), (d) w/o AAF method, respectively.  
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We further characterized the PbI2 and CH3NH3PbI3 films derived by the two 
methods by AFM, as shown in Fig. 3.7. The calculated root-mean-squared roughnesses 
of PbI2 and perovskite films made by the w/ AAF method [Figs. 3.7(a) and 3.7(b)] are 
21.9 and 8.7 nm, respectively. For the films made by the w/o AAF method [Figs. 3.7(c) 
and 3.7(d)], they are 67.1 and 62.8 nm, respectively. The roughness of films fabricated 
by the w/ AAF route is significantly reduced compared with that of w/o AAF films, as 
is evident in the AFM images. The significant disparities in the calculated RMS values 
between the w/o AAF and w/ AAF films show that the AAF route is more effective for 
fabricating smooth and homogeneous perovskite films for reproducible and high-
efficiency solar cells. 
 
3.3.2 Photovoltaic performance characterization 
The J‒V curves of forward and reverse scans of our best-performance solar cells are 
shown in Fig. 3.8. The photovoltaic parameters of the best performance, average values, 
and corresponding standard deviation of w/ AAF and w/o AAF planar PSCs are 
summarized in Table 1. All the parameters of the best-performance w/ AAF solar cell 
are superior to those of the w/o AAF solar cell. For the w/o AAF solar cell, the forward 
potential scan (from short circuit to open circuit) revealed values of 17.91 mA/cm
2
, 
0.864 V, 0.560, and 8.67% for the short-circuit density (Jsc), open-circuit voltage (Voc), 
fill factor (FF), and PCE, respectively. Similarly, the reverse potential scan (from open 
circuit to short circuit) resulted in Jsc of 17.91 mA/cm
2
, Voc of 0.881 V, FF of 0.620, and 
PCE of 9.78%. Conversely, for the w/ AAF device, higher values of Jsc of 21.52 
mA/cm
2
, Voc of 0.980 V, FF of 0.630, and PCE of 13.28% were obtained from the 
forward potential scan, and 21.63 mA/cm
2
, 1.02 V, 0.714, and 15.75% respectively, 
from the reverse potential scan. The calculated, i.e., average PCE values were 14.52 and 
9.22% for the best-performance w/ AAF and w/o AAF devices, respectively. 
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Fig. 3.8 J-V curves of the best-performance w/AAF and w/o AAF solar cells under AM 
1.5G 1 sun illumination conditions (100 mW/cm
2
) recorded at forward and reverse 
scans.  
Table 1. Photovoltaic parameters of PSCs prepared by w/ AAF and w/o AAF methods, 
measured. The values in brackets correspond to the average values from 10 planar cells 
and the corresponding standard deviation. 
Solar cells 
Scan 
direction 
 Jsc 
(mA/cm
2
) Voc (V) FF PCE (%) 
Average  
PCE 
(%) 
 
(Bestcells) Forward 21.52 
 
0.980 0.630 13.28 
 
w/ AAF Reverse 
  
21.63 1.020 0.714  15.75 14.52 
w/ AAF Forward (21.46±0.20) (0.980±0.003) (0.620±0.01) (13.00±0.15) 
  
(10 Cells) Reverse (21.61±0.56) (1.000±0.006) (0.710±0.01) (15.34±0.20) 
 (Bestcells) Forward 17.91 0.864 0.560     8.67 
 
w/o AAF 
 
Reverse 17.91 0.881 0.620 9.78 9.22 
w/o AAF Forward (17.45±0.21) (0.894±0.031) (0.529±0.02) (8.25±0.30) 
  
(10 Cells) Reverse (17.43±0.21) (0.900±0.030) (0.560±0.05) (8.77±0.70) 
  
Hysteresis was observed in the J‒V characterization of both cells but was not 
pronounced. The results of the statistical analysis of photovoltaic parameters obtained 
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from 10 planar PSCs are shown in Fig. 3.9. Th planar PSCs showed average efficiencies 
with the small standard deviation (Table I).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.9 Statistical analysis of forward potential scan (F-scan) and reverse potential scan 
(R-scan) results of Jsc, Voc, FF, and PCE of the PSCs fabricated by w/AAF and w/o AAF 
methods. The data from 10 cells were statistically analyzed.  
The w/o AAF and w/ AAF devices have average efficiencies and standard 
deviations of 8.25 ± 0.30% and 13.00 ± 0.15% for the forward potential scan and 8.77 ± 
0.70% and 15.34 ± 0.20% for the reverse potential scan, respectively. The small 
standard deviations obtained from the devices indicate that both w/ and w/o AAF 
devices have good reproducibility. The apparent disparities between the photovoltaic 
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parameters of both solar cells can be attributed to their CH3NH3PbI3 layer 
morphological differences. Note that a nonuniform perovskite morphology will cause 
(1) light to pass straight through the perovskite film without absorption, thereby 
decreasing the available photocurrent, and (2) a high frequency of shunt paths, which 
will enable contact between the HTM layer and the compact-TiO2 layer.
20, 21)
 Both of 
these effects can unavoidably cause a decrease in PV parameters 
 
To gain insight into the influence of perovskite morphology on Jsc, the IPCE 
spectra, which specify the ratio of extracted electrons to incident photons at a given 
wavelength, were measured for the best-performance w/o AAF and w/ AAF solar cells 
(Fig. 3.10). The IPCE spectra of both devices show photoresponse in a wide range from 
350 to 800 nm, with a maximum value close to ~80% for the w/ AAF solar cell. The 
relatively high maximum efficiency (~80%) obtained by the w/ AAF solar cell is 
indicative of excellent light harvesting efficiency due to the homogeneous and well-
controlled perovskite film. The integrated Jscvalues from IPCE curves for w/o AAF 
(17.07 mA/cm
2
) and w/ AAF (21.32 mA/cm
2
) solar cells were found to be consistent 
with the experimentally measured Jsc value under simulated AM 1.5 illumination of 
100 mW/cm
2
. The mismatch between the simulated sunlight and the AM 1.5G standard 
is assumed to be negligible. 
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Fig. 3.10 IPCE spectra and integrated photocurrent curves for the best w/ AAF (blue 
circles) and w/o AAF (red squares) solar cells. 
 
3.3.3 Structural and optical characterization 
Typical XRD patterns for w/ AAF and w/o AAF CH3NH3PbI3 crystals coated on FTO 
glass/compact-TiO2 substrates are presented in Fig. 3.11. Strong diffraction peaks 
located at 2 of 14.08°, 23.48°, 28.40°, and 31.86° can be assigned to (110), (211), (220), 
and (310) planes of the tetragonal CH3NH3PbI3 phase, respectively. Notably, the XRD 
patterns of the two films are the same, and they reveal traces of remnant PbI2 in both w/ 
AAF and w/o AAF CH3NH3PbI3 films. We inferred that this might be the result of an 
incomplete reaction of PbI2 and CH3NH3I owing to the absence of a mesoporous 
scaffold.
16)
 We made an effort to extend the loading time to 180 s, but the PbI2 phase 
could not be entirely removed from the perovskite film. Previous reports have suggested 
that residual unreacted PbI2 may act as a built-in hole-blocking layer, and may be 
advantageous for the solar cell light conversion.
9, 17) 
 
 
68 
 
5
4
3
2
1
0
A
b
s
o
rb
a
n
c
e
800700600500400
Wavelength (nm)
w/o AAF CH3NH3PbI3
 w/ AAF CH3NH3PbI3
 w/o AAF PbI2
 w/ AAF PbI2
 
 
 
 
 
 
 
 
 
 
Fig. 3.11 XRD patterns for PbI2 (PDF #73-1754) on FTO glass/compact-TiO2, 
CH3NH3PbI3 perovskite for both w/ AAF (red line) and w/o AAF (blue line) solar cells 
(FTO glass/compact-TiO2/perovskite) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.12 Absorption spectra of PbI2 and perovskite films prepared by w/ AAF and w/o 
AAF methods. 
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Absorption spectroscopy was carried out to study the optical properties of 
CH3NH3PbI3 prepared by w/ AAF and w/o AAF methods. As shown in Fig. 3.12, the 
UV-vis spectra of PbI2 and CH3NH3PbI3 films prepared by the two methods span from 
400‒800 nm. The w/ AAF PbI2 and CH3NH3PbI3 films comparatively show an 
increased absorption intensity from the UV-to-near-infrared region. This is consistent 
with the increased performance of IPCE, as shown in Fig. 3.10. The increased 
absorbance exhibited by the w/ AAF-based films should be attributed to the improved 
surface coverage of the underlying compact-TiO2 layer. 
The PL measurements were performed to gain further insight into the relevance 
of the compact-TiO2/perovskite and perovskite/HTM interface for the two types of 
preparation methods. Figure 3.13 shows the PL spectra for compact-TiO2/CH3NH3PbI3 
and CH3NH3PbI3/spiro-OMeTAD samples prepared by the w/ AAF and w/o AAF 
methods. The emission peaks observed at around 760 nm resulted from the PL of 
CH3NH3PbI3 which is similar to results indicated in other reports.
10) 
 
 
 
 
 
 
 
 
Fig. 3.13 Photoluminescence (PL) spectra of compact-TiO2/CH3NH3PbI3 and compact-
TiO2/ CH3NH3PbI3 /spiro-OMeTAD on FTO glass substrate prepared by w/ AAF and 
w/o AAF methods. 
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In general, samples prepared with AAF exhibit lower PL emission. However, the PL 
quenching is stronger when the samples are excited through the Spiro-OMeTAD film. 
When considering the sufficient coverage of CH3NH3PbI3 for the w/ AAF samples 
compared with the w/o AAF samples, the lower PL emission, and significant quenching 
indicate that better electron and hole collections are achieved when the electron-hole 
pair is generated close to the compact-TiO2/perovskite and perovskite/spiro-OMeTAD 
interfaces, respectively. We then inferred that the improved PV performance of the w/ 
AAF solar cells is mainly due to the efficient charge separation at the two interfaces.  
 
 
3. 4 Conclusions 
We demonstrated the importance of using AAF in the two-step spin-coating method for 
preparing CH3NH3PbI3 perovskite films for highly efficient solar cells. Two-step spin-
coating deposition is found to be more precise than the two-step dipping method 
because of its quantitatively managed procedure. Improving the CH3NH3PbI3 coverage 
of the underlying compact-TiO2 layer was vital to achieving high light harvesting and 
efficient charge separation for the w/ AAF devices. The application of AAF in the 
fabrication of both PbI2 and perovskite films for PSCs led to a PCE of 13.28% for the 
forward potential scan and 15.75% for the reverse potential scan. The correlations 
between the efficiencies and film morphologies of our solar cells were systematically 
studied using absorption spectra, AFM images, and SEM images. Our studies provide a 
promising route for fabricating low-cost, high-performance PSCs by an easy method.  
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Chapter 4 
Effect of solvent annealing on the performance of planar perovskite 
solar cells fabricated by one-step spin-coating method 40) 
 
4.1 Introduction 
Several deposition methods such as vacuum evaporation,
1)
 one-step spin-coating,
2,3)
 
two-step sequential deposition,
4)
 two-step spin-coating,
5,6)
 and a vapor-assisted solution 
process
7)
 have been developed for fabricating perovskite films. Among these methods, 
one-step spin-coating is the simplest method of fabricating low-cost solar cell devices. 
However, it is challenging to form high-quality and continuous perovskite films by spin-
coating a mixed solution of lead iodide (PbI2) with methylammonium iodide (MAI) in a 
polar solvent such as dimethylformamide (DMF) owing to the rapid crystallization of 
methylammonium lead halide (MAPbI3).
3,8) 
In the two-step dipping or spin-coating 
method, the PbI2 solution is first deposited onto the substrate, followed by dipping into 
or spin-coating MAI solution to produce the perovskite film. On a planar substrate, 
incomplete conversion of PbI2 usually exists, which may cause problems in the device 
reproducibility and stability.
7)
  
High-performance PSCs have been obtained with solution-processed methods, 
but one drawback is that the polycrystalline films have a relatively small grain size, 
between 100 and 300 nm, owing to the rapid reaction of PbI2 and MAI, and the 
crystallization of the perovskite materials.
9)
 The polycrystalline films are usually prone 
to bulk defects and trap states at the grain boundaries.
10,11)
 To further improve the 
quality of perovskite films, many different approaches have been developed. These 
include solvent engineering,
12)
 fast deposition crystallization,
13) 
inclusion of various 
additives,
14-18)
 moisture-assisted method,
19)
 and air exposure.
20)
 With all these methods, 
remarkable efficiencies have been achieved; however, their experimental procedures are 
sometimes difficult to reproduce. Solvent annealing (SA) can be applied to perovskite 
films to increase the crystallinity and grain size effectively. Xiao et al. previously 
employed the SA technique with a long annealing time (100 °C for 1 h) to increase the 
grain size of the perovskite film fabricated by two-step spin-coating.
21) 
Recently, Zhou 
et al. have also used the solvent-solvent extraction concept in the fabrication of high-
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quality hybrid-perovskite thin films with a grain size of ~ 100 nm.
22)
 
We showed that high-quality, uniform and reproducible planar MAPbI3 PSCs 
can be fabricated by facile one-step solution deposition and antisolvent bath (ASB) 
methods in ambient air at a relative humidity (RH) >30%. The SA treatment method 
was incorporated to control the grain growth and morphology of the resultant perovskite 
film, which led to significant improvements in the photophysical properties of the film. 
The SA device achieved an average PCE of 15.20% and the highest efficiency of 
16.77% under air mass global (AM 1.5G) spectrum illumination. 
 
4.2 Preparation of perovskite film 
The perovskite layer was prepared by dissolving PbI2 (2 M) and MAI (2.39 M) in a 
mixed solvent of N-methyl-2-pyrrolidone (NMP) (1 ml) and γ-butyrolactone (GBL) (0.2 
ml) and stirred at room temperature for 12 h to form the MAPbI3 precursor solution. 
Next, the precursor solution was dropped onto the compact TiO2 film to prepare the 
MAPbI3 film as shown in Fig. 4.1a. The spin-coating process was performed at a 
constant rotation speed of 4500 rpm for 30 s without acceleration time. The solution-
coated substrate was carefully dipped immediately in a beaker containing about 50 ml 
of anhydrous diethyl ether (DEE) bath.22)  The substrate was kept immersed for the 90s 
until it turned dark brown with a glossy appearance. The substrate was removed from 
the DEE bath and dried in ambient air. The obtained MAPbI3 films were approximately 
250 nm thick. The films were further treated by SA at 150 °C for 10 min under DMSO 
vapor atmosphere as shown in Fig. 4.1a. For the SA, the perovskite film was put on top 
of a hotplate and covered with a petri dish. At the edge of the petri dish, 10µl of 
dimethylsulfoxide (DMSO) solvent was dropped during annealing.
21) As the control 
samples, pristine perovskite films without annealing and perovskite films with thermal 
annealing (TA) at 150 °C for 10 min in ambient air were also prepared.  
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Fig. 4.1 (a) Schematic diagram of perovskite film fabricated by one-step spin-coating 
and ASB methods, and SA treatment method under DMSO solvent vapor (The 
photographs represent that of (b) the precursor solution-coated substrate and (c) the as-
prepared MAPbI3 perovskite film after 90 s of bathing in a beaker containing 50 ml of 
DEE) (d) Illustration of MAPbI3 perovskite grain growth by a dissolution and 
precipitation process under DMSO vapor environment. (e) Illustration of enlarge grains 
of the MAPbI3 perovskite after SA treatment. 
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4.3 Results and discussion 
The MAPbI3 perovskite was deposited by the one-step solution process and ASB 
method onto the FTO/compactTiO2 substrate by spin-coating from a solution of PbI2 
and MAI in a mixed solvent of NMP and GBL, as shown in Fig. 4.1(a) (see Sect. 
4.2).The solution-coated substrate exhibited an extremely dense and uniform MAI-PbI2-
NMP-GBL intermediate film [see a photograph of Fig. 4.1(b)]. Furthermore, the 
antisolvent DEE, which has a low boiling point and no solubility or reactivity with the 
perovskite precursors was adopted to extract the NMP and GBL solvents from the spin-
coated solution film, and this led to a uniform, highly smooth and glossy MAPbI3 
perovskite film [see photograph of Fig.4.1(c)].22). DMSO solvent was chosen for SA 
due to its remarkable coordinating capability with MAI-PbI2.
23,24) 
For SA treatment, the 
DMSO vapor would condense on the surface of MAPbI3 inside the petri dish, and 
consequently, a solid-liquid phase of MAPbI3 is formed [Fig. 4.1 (d)].
25,26)
 As shown in 
Fig. 4.1 (d), the DMSO solvent molecules in the MAPbI3 film will facilitate the 
rearrangement of the precursor atoms, inducing the atom packing in a regular array 
structure.
27)
 Upon gradual release of the DMSO, the MAPbI3 perovskite forms and 
crystallizes in a semi-equilibrium form. 
 
4.3.1 Morphological characterization 
Figure 4.2 (a) shows an AFM image of the resultant perovskite film (hereafter referred 
to as the as-prepared perovskite film) with a homogeneous and smooth surface. The root 
mean square (RMS) roughness determined by AFM is 8.3 nm, which is relatively small, 
suggesting the benefit of the ASB process. However, as shown in Figs. 4.3 (a) and 4.3 
(b), the SEM images of the as-prepared perovskite film consist of small grains with a 
significant amount of grain boundaries that covered the compact TiO2 layer underneath.  
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Fig. 4.2 AFM images of (a) the as-prepared perovskite film, (b) TA perovskite film, and 
(c) SA perovskite film.  
 
 
 
 
 
 
 
 
RMS = 9.2 nm (a) RMS = 8.3 nm (b) 
(c) RMS = 30.7 nm 
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Fig. 4.3 (a) Low magnification of SEM image, (b) High magnification of SEM image of 
the as-prepared perovskite film. (c) Low magnification of SEM image, (d) High 
magnification of SEM image of TA film. (e) Low magnification of SEM image SA, (f) 
High magnification of SEM image of SA film.   
 
 
(a) As-Prepared  
(c) TA  
(b) As-Prepared  
(d) TA  
(e) SA  (f) SA 
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Fig. 4.4 Grain size distributions of (a) as-prepared, (b) TA, and (c) SA perovskite films. 
 
The grain size distribution of the as-prepared film, which was determined from 
SEM images, using the image analysis software (Nano Measure), is shown in Fig. 4.4 
(a). The as-prepared perovskite film exhibited an average grain size of 340 ± 2.1 nm. To 
improve the microstructure of the as-prepared film, TA was applied. The RMS 
roughness of the TA perovskite film was found to increase by about 10% [Fig. 4.2 (b)], 
which may be due to the increased grain size. The SEM images of the TA perovskite 
film also confirmed the increased grain size [Figs. 4.3 (c) and 4.3 (d)]. As shown in Fig. 
4.4 (b), the TA perovskite film consists of crystals with an average size of 560 ± 26 nm. 
It has been shown that TA treatment could be used to increase the grain size of the as-
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prepared perovskite film to a certain degree; however, the margin is not so pronounced 
and further increasing the TA time could decompose the MAPbI3 perovskite films 
without markedly increasing the grain size.
21)
 Interestingly, upon SA treatment, grain 
growth and merging were observed [Figs. 4.3(e) and 4.3 (f)]. The SA perovskite film 
exhibited grains with an average size of 1170 ± 32 nm as shown in Fig. 4.4 (c).The 
AFM image is shown in Fig.4.2 (c) also confirmed the increased grain size of the SA 
perovskite film with an RMS roughness of 30.7 nm. It was found that the film growth 
increased the surface roughness. Despite the relatively higher RMS roughness of the SA 
perovskite film, the film still retained its uniform surface, which is critical for high-
performance planar devices. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.5 Cross-sectional SEM images of the (a) as-prepared, (b) TA, and (c) SA MAPbI3 
Perovskite films. Charge transport model of (d) MAPbI3 perovskite without SA 
treatment, the electron and hole recombine due to many grain boundaries and crystal 
defects. (e) With SA treatment. The grain boundary effects is alleviated by SA treatment.  
 
Figure 4.5 shows the cross-sectional SEM images of as-prepared, TA, and SA 
perovskite films and charge transport model of MAPbI3 perovskite film prepared with 
and without SA treatment. It is found that void areas (red boxes) appeared at the 
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compact TiO2/perovskite interface for the as-prepared and TA perovskite films [Figs. 
4.5 (a) and 4.5 (b)]. These void areas observed in both films suggest that the films 
exhibit low uniformity at the compact TiO2/perovskite interface and may act as shunt 
paths that could lead to a direct contact between Spiro-OMeTAD and the compact TiO2 
layer [Fig. 4.5 (d)].
28)
 As shown in Fig. 4.5 (c), the SA perovskite film shows high 
uniformity at the compact-TiO2/perovskite interface, which suggests its importance in 
the fabrication of high-performance planar PSCs. It is worth mentioning that highly 
uniform perovskite film with enlarging grains and fewer grain boundaries will promote 
efficient charge transport in the device and thus enhance the device performance [Fig. 
4.5 (e)]. 
 
4.3.2 Structural and optical characterization 
Figure 4.6 (a) shows the XRD patterns of the as-prepared, TA, and SA perovskite films. 
The strong diffraction peaks located at 2θ values of 14.08, 28.41, and 31.86° can be 
assigned to (110), (220), and (310) planes of the tetragonal MAPbI3 phase, respectively. 
The full widths at half maximum (FWHMs) of the characteristic (110) peak were 
estimated to be 0.487, 0.310, and 0.116° for the as-prepared, TA, and SA perovskite 
films, respectively. Phase-pure MAPbI3 perovskite was observed in all the films, 
indicating the complete crystallization of the perovskites. 
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Fig. 4.6 (a) XRD patterns of PbI2, as-prepared, TA, and SA MAPbI3 perovskite films on 
FTO/compact TiO2 substrates. (b) FTIR spectrum of the SA MAPbI3 perovskite film. 
 
The characteristic (110) peak for the SA perovskite film appeared stronger and sharper 
than those for the as-prepared and TA perovskite films, suggesting the higher 
(a) 
(b) 
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crystallinity of the SA perovskite film with fewer defects. The higher crystallinity 
obtained by the SA film is an important factor for improving the photophysical 
properties,
29)
 and performance of perovskite solar cells.
8,16,21)
 In order to confirm the 
compositional purity of the SA MAPbI3 perovskite film, the film was characterized by 
FT-IR as shown in Fig. 4.6 (b). The characteristic peaks of DMSO at around 960 and 
1012 cm
-1
 could not be identified in the spectrum,
12)
 suggesting that no residual DMSO 
existed within or on the surface of the perovskite film after the SA treatment. 
 
We further investigated the effects of SA on the light absorption and 
photoluminescence properties of the perovskite films. Figure 4.7 (a) shows the 
absorption spectra of the perovskite films. The perovskite films showed an absorption 
edge at approximately 780 nm. An enhanced absorption between 800 and 400 nm 
regions was observed for the SA perovskite film, while the as-prepared and TA films 
showed almost similar light absorptions. The enhanced light absorption of the SA film 
may be related to the improved perovskite morphology and crystallinity.
21)
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Fig. 4.7 (a) UV-vis absorption and (b) PL spectra of the as-prepared, TA, and SA 
perovskite films deposited on the FTO/compact TiO2 and glass substrates, respectively. 
The steady-state PL spectra of the perovskite films on glass substrates were 
measured as shown in Fig. 4.7 (b). The as-prepared and TA perovskite films exhibited 
similar emission peaks at about 760 nm, while the SA perovskite film exhibited an 
(b) 
(a) 
85 
 
emission peak at about 770 nm. The PL result of the SA perovskite film showed a 
redshift, suggesting perovskite domains with fewer defect states in bulk.
10)
 Usually, the 
PL emission is related to the recombination channel associated with the band gap and 
trap state. The redshift observed for the SA perovskite film demonstrates that in the SA 
treatment, the DMSO vapor contributes to the elimination of defects and decreases the 
trap density around the band edge, which could reduce the recombination loss and thus 
enhance the device photocurrent collection. 
 
4.3.3 Photovoltaic performance characterization 
The effect of SA on the device performance was evaluated using the device structure of 
FTO/compact TiO2 (50 nm)/MAPbI3 (250 nm)/Spiro-OMeTAD (250 nm)/Au (80 nm). 
For comparison, devices incorporating the as-prepared and TA perovskite films were 
also fabricated. Figure 4.8(a) shows the J–V curves (reverse scan) of the perovskite 
solar cells measured under AM 1.5G, 100 mW/cm
2 
light illumination. The PV 
parameters of our top-performing and average-performing devices, together with the 
standard deviation of measurements of 16 devices, are summarized in Table 1. The as-
prepared perovskite solar cell (without annealing) showed a short-circuit current (Jsc) of 
22.20 mA/cm
2
, an open circuit voltage (Voc) of 0.861, a fill factor (FF) of, 0.570, and a 
PCE of  10.90%. Similarly, for the TA device, an overall PCE of 12.83% was achieved 
with a Jsc of 22.64 mA/cm
2
, a Voc of 0.884 V, and an FF of 0.641. When SA treatment 
was carried out, the device exhibited a higher Jsc of 23.65 mA/cm
2
, a Voc of 1.01 V, an 
FF of 0.702, and a PCE of 16.77%. The average PCEs of the as-prepared, TA, and SA 
devices are 9.44±0.81, 11.82±0.80, and 15.20±1.00%, respectively, thereby proving the 
high reproducibility of our devices and as well as the benefit of using the one-step 
solution process and ASB method. The higher PCE obtained by the SA device could be 
attributed to the enlarge perovskite grains with fewer bulk defects, less scattering of 
grain boundaries, improved crystallinity and charge transport [Fig. 4.5 (e)].
10,21,29) 
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Fig. 4.8 (a) J–V curves of the as-prepared, TA, and SA PSCs measured under reverse 
voltage scanning and AM 1.5G illumination. (b) IPCE spectra of the as-prepared, TA, 
and SA devices. 
 The presence of large grains may promote improved charge extraction 
efficiency and markedly reduce charge recombination loss at grain boundaries in the 
device. Figure 4.8 (b) shows the IPCE spectra of the as-prepared, TA, and SA 
perovskite solar cells. As can be seen in the IPCE response, the SA device starts to 
deviate at around 780 nm and consistently above 80% within the visible wavelength 
range from 350 to 620 nm, suggesting higher charge collection efficiency. The 
integrated JSC values from IPCE curves for SA (22.79 mA/cm
2
), TA (21.74 mA/cm
2
), 
and as-prepared (21.35 mA/cm
2
) solar cells are in good agreement with the 
experimentally measured Jsc value under the simulated AM 1.5G illumination of 100 
mW/cm
2
. 
 
 
 
 
 
(a) 
100
80
60
40
20
0
IP
C
E
 (
%
)
800700600500400
Wavelenghth (nm)
25
20
15
10
5
0
In
te
g
ra
te
d
 J
s
c
(m
A
/
c
m
2
)
 SA
 TA
 As-prepared
 
(b) 
87 
 
Table 1. PV parameters of the as-prepared, TA, and SA PSCs measured under reverse 
voltage scanning. The values in parentheses correspond to the average values from 16 
solar cells and the corresponding standard deviation. 
 
 
 
 
 
 
 
 
 
   
 
   Fig. 4.9 J-V curves of PSCs with different SA durations. 
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Table 2. Summary of the PV parameters for the PSCs with SA for 20 and 30 min 
measured under the reverse voltage scanning.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10 Low and high magnifications of SEM images of SA perovskite films. (a, b) 
annealed for 20 min and (c, d) annealed for 30 min.  
In order to gain further insight into the effect of SA duration on the device 
performance, PSCs with SA treatment for 20 and 30 min were also fabricated. Figure 
4.9 shows the J-V curves of PSCs with different SA durations. A summary of the PV 
parameters of SA for 20 and 30 min is shown in Table 2. Compared with the device 
incorporating SA for 10 min (optimum SA time) listed in Table 1, the device with the 
Devices 
Annealing  
time (min) 
      Jsc 
(mA/cm
2
)  Voc (V)       FF   PCE (%) 
SA       20   22.41            1.000     0.650    14.57 
SA      30   21.44            0.860     0.520      9.59 
(a) (b) 
(c) (d) 
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perovskite film with SA for 20 min showed a relatively lower PCE of 14.57%, with Voc, 
Jsc, and FF of 1.000 V, 22.41 mA/cm
2
, and 0.650, respectively. Further increasing the 
SA duration to 30 min, however, was not favorable for the solar cell performance, where 
a lower PCE of 9.59%, a Voc of 0.860 V, and an FF of 0.520 were achieved. Compared 
with the best- performing PSCs (SA for 10 min), the drop in the PV parameters for both 
devices with 20 and 30 min SA treatment devices stems from the poor coverage, which 
was caused by the decomposed (red spheres) perovskite films, as shown in Fig. 4.10. 
The poor coverage of perovskite may have caused (1) light to pass straight through the 
perovskite film without absorption, decreasing the available photocurrent, and (2) a high 
frequency of shunt paths, which would enable contact between the HTM layer and the 
compactTiO2 layer.
30) 
Both of these effects can unavoidably decrease Jsc, Voc , FF and 
consequently PCE. As shown in Figs. 4.10(a) and 4.10(b), the perovskite film with SA 
for 20 min was slightly decomposed compared with that with SA for 30 min [Figs.4.9(c) 
and 4.9(d)]. With increasing SA time (>10 min), MAPbI3 perovskite films were 
decomposed owing to the high substrate temperature  (150 °C),
31,32) 
and not the DMSO 
solvent vapor. However, with the films on the hotplate, 10 µl of DMSO dropped at the 
edge of the petri dish will produce limited solvent vapor pressure and evaporated 
solvent molecules, which would not cause wide-range dissolution and irreparable 
damage, but probably lead to the formation of a quasi-liquid phase on the surface and 
void areas of the perovskite film. The liquid phase could act as a binder, which bonds 
with adjacent grains, remolds a significant portion of the grain boundary, and then 
recrystallizes in areas where grains are not in contact, and thus leading to films with 
higher quality and morphology.
25,33)
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Fig. 4.11 J–V curves (forward and reverse scans) of SA (10 min) device. 
 
Hysteresis is one of the most critical issues for planar PSCs in the J–V 
measurement. Typically, the origin of hysteresis can be either the trapping and de-
trapping of charge carriers,
34)
 changes in the absorber or contact conductivity,
 35)
 
ferroelectric properties of the perovskite materials,
 36)
 and the electro-migration of ions 
in the perovskites.
37) 
The forward scan (from the short circuit to the open circuit ) and 
reverse scan (from the open circuit to the short circuit) of the SA (10 min) device are 
presented in Fig. 4.11. For the J–V measurement, a scanning speed of 0.2 V/s was 
adopted for both the forward and reverse scans. The SA device showed a hysteresis 
behavior and the hysteresis may be related to the poor electronic contact existing 
between the perovskite and compact TiO2 layer.
38,39)
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4. 4 Conclusions 
We have incorporated the SA treatment technique in combination with the one-step 
spin-coating and ASB methods to fabricate high-performance MAPbI3 planar PSCs. The 
SA treatment led to the improved the MAPbI3 perovskite morphology and crystallinity. 
The high uniformity at the compactTiO2/perovskite interface was achieved by SA for 10 
min as confirmed by the cross-sectional SEM images. Further increasing the SA 
duration from 20 to 30 min led to severe decomposition of the perovskite film. The 
steady-state PL result showed that the SA perovskite film has relatively fewer defects 
and a low trap density around the band edge, which lead to the reduced recombination 
loss and enhanced PV performance of the device. The best-performing SA device 
achieved a PCE up to 16.77% and an average PCE of 15.20±1.00. The combination of 
SA, one-step spin-coating and ASB methods offered a simple and efficient way to 
fabricate high-quality planar perovskite films for high-performance PSCs. 
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Chapter 5 
Effect of fullerene C60 electron extraction interface on the performance 
of WOx-based perovskite solar cells 74) 
 
5.1 Introduction  
In perovskite solar cells (PSCs), the charge selective contacts play a crucial role in an 
attempt to further improve the performance of the solar cells [1, 2]. Several robust and 
stable metal oxide-based electron extraction layer (EELs) such as titanium oxide (TiO2) 
[3, 4], zinc oxide (ZnO) [5, 6], tin oxide (SnO2) [7], and indium oxide (In2O3) [8], have 
been used successfully in the n-i-p-type PSCs. Among the metal oxides, TiO2 has been 
widely used as EELs. However, high-temperature (>450 °C) treatment of TiO2  EEL is 
apparently required to obtain a highly compact and crystallized structure for efficient 
PSCs [9]. High-temperature treatment tends to be unfavorable when considering the 
production cost and energy payback time of PSCs.  Low-temperature TiO2  has been 
introduced as an EEL in PSCs, but its low electron conductivity and mobility usually 
results in charge accumulation in the TiO2 layer [10-13], and low PCE as shown in Fig. 
5.1  
Tungsten trioxides (WO3) are chemically stable metal oxide semiconductors 
with bandgaps in the range of 2 to 3 eV and high electron mobility (10–20 cm2. V–1. s–1) 
[14-17]. WO3 has also received significant attention as a very interesting material for 
electrochromic devices [18,19], gas sensing [20, 21], photocatalysis [22], polymer and 
DSCs [16, 17, 23, 24]. Khalid et al. were the first to employ WO3 as an EEL in PSCs 
and achieved impressive PCEs [25]. Following their pioneering work, Kai et al. showed 
that low-temperature amorphous tungsten oxide (WOx) could be used as EELs in PSCs 
[26]. It was found that WOx based PSCs suffer from severe charge recombination at the 
perovskite/WOx interface, resulting in an unsatisfied open-circuit voltage (Voc) and fill 
factor (FF). Chih-Ming et al. modified the perovskite/WO3 interface with cesium 
carbonate (Cs2CO3)/phenyl-C61-butyric acid methyl ester (PCBM) to further improve 
the performance of the device and achieved a PCE of 10.0% [27]. 
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Fig. 5.1 Current density-voltage (J-V) curves of a TiOx only device with the structure of 
FTO/TiOx/CH3NH3PbI3/spiro-MeOTAD/Au [13]. 
Kai et al. used WOx –TiOx composite thin films as EELs in PSCs. The WOx–TiOx 
composite EELs enabled a strong light transmittance, efficient charge transport, and 
dissociation, and as well as inhibition of the charge recombination, which notably 
increases the performance of the PSCs [28]. Kai et al. also demonstrated that 
amorphous niobium-modified tungsten oxide (W(Nb)Ox) could be used as EELs for 
efficient, flexible PSCs [29].  
We propose the use of a low-temperature solution processed WOx/fullerene C60 
as excellent EELs for efficient planar PSCs. Fullerenes, such as C60 and PCBM have 
been used as excellent acceptors in organic solar cells [30-32], and EELs in PSCs [33-
40]. According to previous reports, C60 and PCBM are excellent passivation materials 
for perovskite, which can effectively passivate the grain boundaries in the perovskite 
and reduce the density of trap states as well as reduce hysteresis of PSCs [41-43]. 
Moreover, fullerene C60 is a low-cost material that exhibits superior electron mobility 
(1.6 cm
2
/V s) and conductivity (2.3 x 10
–3
 S cm
–1
) than that of PCBM (6.1 x 10
–2
 cm
2
/V 
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s and 3.2 x 10
–4 
S cm
–1
, respectively) [34]. Here, we incorporated C60 as an interface 
modifier for WOx-based PSCs [36]. The WOx/C60 EELs was found to work 
synergistically to further enhance the performance of PSCs. The best-performing planar 
PSCs using WOx/C60  EELs achieved PCEs of 16.07% and 14.11% when measured 
under reverse and forward voltage scans, respectively.  Such enhancement is mainly 
attributed to the improved Voc and FF, benefiting from the better electron transfer and 
less charge recombination. This work shows that low-cost and high-performance PSCs 
can be achieved using WOx/C60 EELs. 
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5.2 Results and discussion 
5.2.1 Device structure and energy level  
Fig. 5.2a shows the XRD patterns of the WOx films annealed at 150 °C and 500 °C 
(crystalline WO3). The film annealed at 150 °C shows only a broad feature at about 25°, 
suggesting an amorphous structure.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2 (a) XRD pattern of WOx and WO3 films. (b) Schematic view of the device 
structure (c) Energy band diagram of planar PSC with a WOx/C60 EELs and (d) Cross-
sectional SEM image of our device. 
 
In contrast, the film annealed at a higher temperature exhibits sharp crystalline peaks 
corresponding to monoclinic WO3 [44, 45]. Fig. 5.2b shows the device architecture of a 
planar PSC, which consists of FTO/WOx (50 nm)/C60 (27 nm)/MAPbI3 (250 nm)/Spiro-
OMeTAD (250 nm)/Au (80 nm). The fullerene C60 was introduced as an interface 
modifier between the WOx and perovskite layers. The energy band diagram is shown in 
Fig. 5.2c. The conduction band minimums (CBMs), valence band maximums (VBMs) 
of WOx and MAPbI3 together with the lowest unoccupied molecular orbital (LUMO) 
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and highest occupied molecular orbital (HOMO) levels of C60 were selected based on 
previous reports [24, 36]. The HOMO level of Spiro-OMeTAD and work function of 
Au were extracted from a previous report [46]. The LUMO of C60 (-3.9 eV) is equal to 
the CBM of MAPbI3 can facilitate the smooth electron transfer from the MAPbI3 to 
FTO. Fig. 5.2d shows the cross-sectional SEM image of our planar PSCs with the C60 
interlayer. All layers are well-defined except for the C60 layer, which cannot be easily 
discerned from the cross-sectional image. High-quality MAPbI3 perovskite films were 
deposited on the EELs by a simple one-step solution process and antisolvent bath (ASB) 
method in air. The morphology and grain growth of the resultant perovskite films were 
further improved by solvent-annealing under DMSO vapor atmosphere at 150 °C for 10 
min [47]. The commercial p-type hole-transport material, Spiro-OMeTAD, was spin-
coated on top of perovskite layer, and metal Au was evaporated on the Spiro-OMeTAD 
layer as a contact electrode. 
 
5.2.2 Morphological characterization 
Fig. 5.4a shows that the FTO exhibits a rough morphology with a root-mean-square 
(RMS) roughness of 24.5 nm (Fig. 5.3a). However, the RMS roughness was slightly 
reduced by depositing WOx layer (Fig. 5.3b). The WOx layer, which completely covered 
the FTO, contained many nanocaves (Fig. 5.4b and c). According to previous reports, 
these nanocaves might be due to the HCl volatilization as shown in the following 
reactions [26, 28, 48].  
WCl6 + xC2H5OH             WCl6-x (OC2H5) x + x HCl                                               (1) 
WCl6-x (OC2H5) x + (6-x) C2H5OH            W(OC2H5)6 + (6-x) HCl                          (2) 
When the FTO/WOx film was coated with C60, it was observed that the C60 molecules 
completely modified the WOx layer, filled the nanocaves and reduced the RMS 
roughness of WOx film (Figs. 5.3c and 5.4d). The smoother surface of the 
FTO/WOx/C60 film should be favorable in enhancing the hole blocking ability, 
decreasing the leakage current at the EELs/perovskite interface and improving the 
device performance [49]. Figs. 5.5 (a) and (b) show the perovskite films deposited on 
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FTO/WOx and FTO/WOx/C60. Both films showed almost similar features that have 
uniform and highly compact morphologies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3 AFM images of (a) FTO substrate, (b) FTO/WOx film and (c) FTO/WOx/C60 
film. 
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Fig. 5.4 Top view SEM images of (a) bare FTO substrate; (b) low magnification of 
WOx film on FTO substrate; (c) high magnification WOx film on FTO substrate. (d) 
WOx/C60 film on FTO substrate. SEM images of; (e) low magnification of WO3 film 
deposited on FTO substrate (f) high magnification of WO3 film deposited on FTO 
substrate. 
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Fig. 5.5 SEM images of (a) FTO/WOx/MAPbI3, (b) FTO/WOx/C60/MAPbI3 films, (c) 
MAPbI3 film on FTO/WO3 substrate 
 
5.2.3 Structural and optical characterization 
We further characterized the MAPbI3 perovskite films deposited on FTO/WOx and 
FTO/WOx/C60 using XRD patterns and UV–vis absorption spectroscopy. The XRD 
patterns of MAPbI3 perovskite films fabricated on FTO/WOx and FTO/WOx/C60 
substrates are almost similar, revealing good crystallinity (Fig. 5.6a). The diffraction 
peaks located at 2θ values of 14.75, 28.41 and 31.86° can be assigned to (110), (220), 
and (310) planes of the tetragonal MAPbI3 phase, respectively.  
 
 
(a) (b) 
(c) 
(a) (b) FTO/WOx/MAPbI3 FTO/WOx/C60/MAPbI3 
FTO/WO3/MAPbI3 
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Fig. 5.6 (a) XRD patterns of FTO and perovskite films grown on WOx and WOx/C60 
layers. (b) UV-vis absorbance spectra of PSCs films grown on WOx and WOx/C60 layers. 
(c) XRD patterns of MAPbI3 films on FTO/WO3 and FTO/WOx substrates. (d) 
Transmission spectra of FTO substrate, FTO/WOx, and FTO/WOx/C60 (27 nm) films.  
 
 
It is noteworthy that such similarity on the XRD patterns of the MAPbI3 perovskite 
films reveals that C60 incorporation does not significantly affect the crystallinity of 
MAPbI3 film [47, 52]. Fig. 5.6b shows the UV–vis absorption spectra of MAPbI3 
perovskite prepared on FTO/WOx and FTO/WOx/C60 substrates. The absorption onset 
of the perovskite film is about 790 nm, corresponding to an optical band gap of 1.57 eV 
[50]. It can be seen that the perovskite films deposited on WOx and WOx/C60 layers 
exhibited approximately similar absorbance spectra, suggesting that the light absorption 
of the remaining C60 layer after partial dissolution by the perovskite precursor solvents 
(b) (a) 
(c) 
(a) (b) 
(d) 
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is negligible compared to the pristine perovskite film [35]. In addition, the similar 
optical absorption spectra further confirm that both films have similar perovskite 
composition and thickness. 
 
5.2.4 Photovoltaic performance characterization 
Fig. 5.7 shows the J-V curves of the PSCs with different WOx EELs thicknesses 
measured both under forward (from short circuit to open circuit) and reverse scan (from 
open circuit to short circuit). The photovoltaic (PV) parameters of the cells using 
different WOx thicknesses are summarized in Table 1.We found that the device 
performance increases when the thickness is increased from 30 to 50 nm and decreases 
as the WOx thickness is further increased. It can also be seen that the optimum thickness 
for the WOx is approximately 50 nm, which we employed in the rest of our investigation. 
 
Table 1. Summary of the PV parameters of best-performing PSCs with varying 
thicknesses of WOx measured under forward and reverse voltage scanning. 
 
 
 
 
Devices/scan 
direction 
 
 
Thickness (nm) Jsc (mA/cm
2) Voc (V) FF PCE (%) 
      
WOx Forward      30 23.16 0.69 0.41   6.55 
WOx Reverse  23.13 0.77 0.57 10.15 
 
WOx Forward 
 
     50 22.92 0.73 0.57   9.54 
WOx Reverse  22.93 0.84 0.68 13.10 
 
WOx Forward 
 
     80 20.27 0.75 0.62   9.43 
WOx Reverse  20.28 0.82 0.68 11.31 
 
WOx Forward 
 
     100 17.90 0.73 0.61  7.97 
WOx Reverse  17.93 0.80 0.67  9.61 
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Fig. 5.7 J–V curves of PSCs based on WOx EELs with varying thickness 
 
In order to investigate the effect of incorporating C60 interlayer on the device 
performance, we fabricated planar PSCs with the FTO/WOx/MAPbI3/Spiro-
OMeTAD/Au and FTO/WOx/C60/MAPbI3/Spiro-OMeTAD/Au architectures. We first 
studied the influence of the C60 layer thickness on the PV performance. PSCs with WOx 
EEL coated with different C60 thicknesses were fabricated. Fig. 5.8a shows the device 
performance optimized as a function of C60 thickness. The J–V parameters are 
summarized in Table 2. The PCE is increased from 13.68% to 16.07% (under the 
reverse scan) when the thickness is increased from 20 to 27 nm. The PCE drops to 
14.70% when the C60 thickness is further increased to 36 nm. Our results suggest that 
the optimum C60 thickness can be achieved at a thickness of 27 nm.  
The J–V curves of the PSCs based on WO3, WOx and WOx/C60 measured under AM 
1.5G irradiation (100 mW/cm
2
) is presented in Fig. 5.8b. The PV parameters and 
average PCEs together with the standard deviations of measurement of 12 cells are 
summarized in Table 3. 
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Fig. 5.8 (a) J–V curves of PSCs based on WOx/C60 EELs with varying C60 films 
thickness. (b) J–V curves of PSCs based on WO3, WOx and WOx/C60 EELs measured 
under forward and reverse voltage scanning.  (c) Plots of Jph– Veff for with and without 
the C60 layer.  
 
 
 
 
 
 
(c) 
(b) (a) 
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Table 2. Summary of the PV parameters of WOx/C60 based PSCs with C60 films 
prepared by different thicknesses measured under forward and reverse voltage scanning.  
 
The WO3 cell achieved a PCE of 10.42%, a Voc of 0.68 V, a Jsc of 23.94 mA/cm
2
, and a 
FF of 0.64 when measured in a forward voltage scanning direction. Under reverse 
voltage scanning, the WO3 cell achieved a PCE of 11.88%, a Voc of 0.72 V, a Jsc of 
23.91 mA/cm
2
, and a FF of 0.69. The solar cell with pristine WOx EEL exhibited PCE 
of 9.54%, a Voc of 0.73 V,  a Jsc of 22.92 mA/cm
2
 and a FF of 0.57 when measured 
under forward voltage scanning. When measured in the reverse voltage scanning, the 
solar cell achieved a PCE of 13.10%, a Voc of 0.84 V, a Jsc of 22.93 mA/cm
2
 and a FF of 
0.68. The performances of our WOx based device are comparable to those previously 
reported [29]. As it can be seen the WO3 based device showed a higher Jsc and FF 
together with a lower Voc in contrast to that of WOx device. We studied the SEM images 
of FTO/WO3 and FTO/WO3/MAPbI3 films. As it can be observed, the WO3 film 
deposited on FTO exhibited a crystalline and compact morphology with several grooves 
(Fig. 5.4e and f). The MAPbI3 perovskite deposited on the FTO/WO3 exhibited a dense, 
uniform and compact morphology with grain size comparable to that of 
FTO/WOx/MAPbI3 film (see Figs. 5.5a and c). 
We further studied the XRD patterns of MAPbI3 deposited on both FTO/WOx 
and FTO/WO3 since the performance of PSCs can be correlated to its crystallinity. Fig. 
5.6c shows the XRD patterns of both FTO/WOx/MAPbI3 and FTO/WO3/MAPbI3 films. 
The XRD peak of the MAPbI3 deposited on WO3 at 2θ = 14.75° is stronger, sharper and 
with a narrower full-width-at-half-maximum (FWHM), suggesting better crystallinity. 
   C60 
Concentration 
(mg/mL) 
Thickness 
(nm) 
   Scan 
direction Jsc 
(mA/cm
2
) Voc (V) FF PCE (%) 
  Forward 22.28 0.78 0.68 11.82 
10  20 Reverse 22.31 0.84 0.73 13.68 
 
  
Forward 21.91 0.87 0.74 14.11 
15 27 Reverse 22.15 0.93 0.78 16.07 
 
  
Forward 22.73 0.81 0.70 12.89 
20 36 Reverse 22.75 0.85 0.76 14.70 
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This result further suggested that crystalline WO3 substrate can favor the efficient 
nucleation and crystallization of perovskite grains. Therefore, we suggest that the higher 
Jsc and FF achieved by the WO3 device may stem from the high-quality perovskite film 
with enhanced crystallinity. 
 
Table 3. Summary of the PV parameters of the best-performing PSCs based on WO3, 
WOx and WOx/C60 PSCs, and average PCEs together with the standard deviations of 12 
cells measured under forward and reverse voltage scanning.  
 
Zhang et al. demonstrated that oxygen vacancy in WOx is critical to the interface 
energetics for charge injection and transport in organic electronic devices. In their work, 
it was found that increasing thermal annealing temperature can control the degree of 
oxygen vacancies in WOx. The increase in oxygen vacancies induced by thermal 
annealing led to the partial reduction of W cations, a decrease in the work function of 
WOx and increase of charge injection barrier at the WOx/organic interfaces [51, 52].  
Based on their findings, the lower Voc obtained by WO3-based PSCs could be attributed 
to the higher energy offsets between the CBM of WO3 and perovskite [53, 54]. To 
comparatively and systematically study the impact of using WO3 and WOx as EELs on 
PSCs, a more detailed investigation is required, such as further studying the electrical 
and optical properties of both WO3 and WOx and their effects on the PV parameters of 
PSCs. 
Devices/scan 
direction Jsc (mA/cm
2) Voc (V) FF Rs (Ω.cm
2) 
    Rsh 
(KΩ.cm2) PCE (%) 
Aver. PCE (± 
std.dev.)(%) 
        
WO3 Forward 23.94 0.68 0.64   10.42 10.69±0.86 
 
WO3 Reverse 23.91 0.72 0.69   11.88 10.71±0.87 
        
WOx Forward 22.92 0.73 0.57 3.18 1.36 9.540 9.940±1.78 
 
WOx Reverse 22.93 0.84 0.68 2.47 0.644 13.10 10.11±1.77 
 
WOx/C60 
Forward 21.91 0.87 0.74 1.48 4.88 14.11 14.71±0.80 
 
WOx/C60 
Reverse 22.15 0.93 0.78 1.35 0.912 16.07 14.79±0.80 
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Furthermore, the solar cell containing WOx/C60 showed significant improvement 
in contrast to that of the WOx based solar cell. The WOx/C60 solar cell achieved a PCE 
of 14.11%, a Vocof 0.87 V, a Jsc of 21.91 mA/cm
2
, a FF of 0.74 under forward voltage 
scanning. In the reverse voltage scanning, the solar cell exhibited a PCE of 16.07%, a 
Voc of 0.93 V, Jsc of 22.15 mA/cm
2
, and FF of 0.78. We observed that the Voc and FF 
values were markedly enhanced compared to those of the WOx based device and the 
values reported here are comparable to previously reported values [55]. The Jsc values 
of WOx/C60 solar cell were slightly lower than that of the pristine WOx device, which 
may be due to the light loss caused by the absorption of C60 layer in the wavelength 
ranges of 300-550 nm [35, 40, 56, 57], revealed by the transmittance spectra (Fig. 5.6d). 
Notably, structural and optical characterization showed that the incorporation of C60 
interlayer did not induce significant changes in the grain size, thickness, and 
crystallinity of the perovskite film [35]. As shown in Fig.5.2(c), it is well known that the 
Voc of the PSCs is determined by the energy level offset between the quasi-Fermi levels 
of the EEL and the HEL adjacent to the perovskite absorber [58]. Therefore, such 
enhancement in the device performance can be attributed to the more favorable energy-
level alignment between the CBM of WOx/C60 and MAPbI3 perovskite absorber and 
better efficient electron extraction and transport process.  
The effect of C60 on the work function of WOx was investigated by Kelvin probe 
vibrating capacitor method [59]. The C60 layer with varying thicknesses was 
successfully deposited on the WOx layer by vacuum evaporation in a glove box. The 
surface potentials and work functions of FTO, FTO/WOx, and FTO/WOx/C60 are 
summarized in Table 4.  
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Table 4. Surface potentials and Work function of FTO, FTO/WOx, and FTO/WOx/C60 
 
 
 
 
 
 
 
 
 
Fig. 5.9 Work function of WOx/C60 with varying C60 thicknesses. The inset shows the 
work function of bare FTO and FTO/WOx 
Fig. 5.9 shows the work function WOx/C60 with varying C60 thicknesses. It was 
found that the work function of WOx coated on FTO decreased from 4.78 eV to 4.56 eV 
for WOx/C60 (5 nm). Upon further increasing the C60 thickness (40 nm), the work 
function of WOx/C60 was found to increase to about 4.65 eV, which is still lower than 
the work function of WOx coated on FTO. The decrease in work function exhibited by 
WOx/C60 may be due to the interfacial dipole change induced by C60. The dipole is 
expected to lower the work function of WOx through a downward vacuum energy level 
shift [60]. The decreased work function of WOx with the deposited C60 layer would 
improve the energy level alignment between the WOx and perovskite, leading to more 
Sample Surface potential (V) Work function  (eV) 
FTO -0.10 ± 0.036 4.80 
FTO/WOx -0.12 ± 0.024 4.78 
FTO/WOx/C60 (5 nm) -0.340 ± 0.017 4.56 
FTO/WOx/C60 (10 nm) -0.320 ± 0.004 4.58 
FTO/WOx/C60 (20 nm) -0.295 ± 0.005 4.61 
FTO/WOx/C60 (40 nm) -0.252 ± 0.013 4.65 
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effective electron extraction and transport. This effect is expected to contribute to the 
increase in the Voc and FF of WOx/C60 based solar cell [60]. 
We further investigated the effect of C60 on the performance of the devices, in 
particular on the enhancement of the FF, photocurrent density (Jph) – effective voltage 
(Veff) plots were estimated according to previous reports [50,61-65]. Fig. 5.8c shows the 
Jph–Veff plots of devices with WOx and WOx/C60 EELs in double-logarithmic 
coordinates. Jph is determined by equation (3). 
Jph = JL -JD           (3) 
Where  JL is the current densities under illumination and JD is the current densities in the 
dark. Veff is estimated from equation (4).   
Veff = V0 - V              (4)
  
Where V is the applied voltage and V0 is the voltage at which Jph =0. 
The Jph of both devices exhibits a similar trend, first increasing linearly with Veff and 
reaching a saturated level at >0.5 V (Fig. 5.8c). Notably, the PSCs with WOx/C60 EEL 
showed higher Jph at small Veff compared to that of WOx based solar cell, suggesting a 
higher charge extraction efficiency and consequently, a higher FF [62,63]. Furthermore, 
the Rsh and Rs values extracted from the slope of J–V curve (Fig. 5.8b) at near Jsc and 
Voc points, respectively, for both devices are listed in Table 3. The WOx/C60 based 
device showed lower Rs values than those of the WOx based device, suggesting that the 
WOx/C60 formed better electrical contact with the perovskite absorber layer. Also, the 
WOx/C60 device exhibited a much larger Rsh, suggesting that the WOx/C60 EEL can 
provide better hole blocking capability, and consequently lead to a higher Voc [10].  
Fig. 5.10a shows the IPCE spectra of the solar cells incorporating pristine WOx 
and WOx/C60 EELs. It is worth mentioning that high-quality MAPbI3 perovskite 
deposited on the both WOx and WOx/C60 EELs play a critical role in both solar light 
absorption and photocarrier generation in the solar cells. As can be seen in Fig. 5.10a, 
both devices exhibit a broad response with IPCE values higher than 80% in the region 
of 400-600 nm, indicating that the devices absorbed solar spectrum efficiently over a 
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wide range. The slightly higher IPCE value exhibited by WOx/C60 device could be 
attributed to the improved electron extraction and transport [66]. The Integrated 
photocurrent densities calculated from the IPCE curves are 20.72 and 20.98 mA/cm
2 
for 
WOx and WOx/C60 based devices, respectively, which are comparable to the Jsc values 
determined from the J–V curves in Fig. 5.8b. To study the reproducibility of our devices, 
the box plots of photovoltaic parameters of 12 cells based on WOx and WOx/C60 are 
shown in Fig. 5.11. Both devices exhibited less scattering of the J–V parameters with 
smaller variability for the WOx/C60 based solar cell, suggesting good reproducibility. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.10 (a) IPCE spectra of WOx and WOx/C60 based devices. Steady-state efficiency 
and photocurrent as a function of time of the best-performing devices with; (b) WOx, 
and (c) WOx/C60 EELs measured at the maximum power point.  
(a) (b) 
(c) 
J~19.24 mA/cm
2
 
PCE~10.98 % 
J~20.72 mA/cm
2
 
PCE~15.02% 
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(d) 
(a) (b) 
(c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.11 Box plots of; (a) Jsc, (b) Voc, (c) FF and (d) PCE for 12 cells based on WOx and 
WOx/C60 EELs measured under reverse voltage scanning. 
 
 
Anomalous hysteresis of J–V characteristic is one of the most critical issues in 
PSCs. Typically the origin of hysteresis can be from the charge selective layers, 
trapping and detrapping of charge carriers, ionic movement or ferroelectric properties of 
the perovskite materials [67-71]. The WOx and WOx/C60 devices showed hysteretic J–V 
behavior (Fig. 5.8b). However, the hysteresis in WOx device is more pronounced 
compared to the WOx/C60 device. The less hysteresis exhibited by the WOx/C60 based 
PSC can be attributed to the passivation of the grain boundaries and suppression of ion 
migration within the perovskite by the partially dissolved C60, which infiltrated into the 
perovskite [35,41,43].  Also, the C60 may suppress the accumulated charge carriers, 
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capacitance effect and trap-state density at the WOx/perovskite interface, resulting in 
enhanced electron extraction efficiency and reduced hysteresis [72,73]. Figs. 5.10b and 
c show the steady-state photocurrent densities and efficiencies as a function of time of 
the best-performing devices measured maximum power point with a constant bias 
voltage of 0.80V (under 100 mW/cm
2
 illumination). The WOx based device delivered a 
photocurrent and PCE of about 19.24 mA/cm
2 
and 10.98%  respectively. Interestingly, 
the WOx/C60 based device delivered a higher photocurrent of 20.72 mA/cm
2 
and PCE of 
15.02%, which are relatively close to the values obtained from the J–V measurement 
under reverse voltage scanning. Furthermore, upon illumination, the steady-state 
efficiency and photocurrent of WOx/C60 based device showed a faster rise to the 
maximum value compared to the WOx device, suggesting improved electron 
extraction/transport and reduce interface recombination in the device [35, 46]. 
 
 
 
 
 
 
                   
  
Fig. 5.12 (a) J–V curves of PSCs with C60 only EEL. (b) UV-vis absorbance spectra of 
FTO/WOx, FTO/WOx/C60 (27 nm) (before spin-coating NMP solvent), and 
FTO/WOx/C60 films (after spin-coating NMP solvent).  
 
 
 
(b) 
(a) 
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We fabricated PSCs incorporating only C60 EEL to elucidate the synergic effect 
of WOx and C60 in enhancing the performance of the device. Fig. 5.12a shows the J–V 
characteristics of the best-performing device with C60 only EEL. The device exhibited a 
Jsc of 19.00 mA/cm
2
, Voc of 0.53 V, FF of 0.26 and PCE of 2.62% under forward voltage 
scanning. When measured by reverse voltage scanning, the Jsc, Voc, FF, and PCE 
increased to 20.02 mA/cm
2
, 0.82 V, 0.62 and 10.18%, respectively. Notably, the PSCs 
incorporating only C60 EEL showed larger hysteretic behavior and lower performance 
compared to the best-performing WOx-based device. It is worth mentioning that the J–V 
result of our C60 only device is lower than previously reported values [38]. We 
conducted a simple experiment to confirm the robustness of C60 when treated with the 
perovskite precursor solvent. Fig. 5.12b presents the UV-vis absorption spectra of 
FTO/WOx, and FTO/WOx/C60 films (with and without NMP treatment). The absorption 
of FTO/WOx/C60 film decreases when treated with NMP solvent. Wojciechowski et al. 
reported that C60 only could be used as an efficient compact EEL in PSCs. In their work, 
it was found that C60 is poorly soluble in most polar aprotic solvents such as N, N-
dimethylformamide (DMF), but the exposure to the solvent during spin-coating might 
be enough to cause partial dissolution of the C60 film and deteriorate the hole-blocking 
properties of the EEL layer [38]. Therefore, we hypothesized that the C60-only device 
suffered from severe charge carrier recombination due to the partial dissolution of the 
C60 film by the precursor solvent (NMP), leaving a very thin layer of C60 on the FTO 
substrate [38, 40].  
Recently, it was found that fullerenes can be re-dissolved when the perovskite is 
deposited using solution process, allowing ultra-thin fullerenes to be retained at the 
interface and some dissolved fullerenes infiltrate into the perovskite grain boundaries 
[35,40]. Therefore, based on previous reports, we conclude that the performance 
enhancement induced by the use of WOx/C60 could be due the improvement of the 
EEL/perovskite interfacial properties, such as better electron extraction/transport and 
less charge recombination. 
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5.2.5 Photoluminescence analysis 
To further gain insight into the improved performance of WOx/C60-based PSCs, the 
steady-state PL was measured for the MAPbI3 perovskite absorber layer deposited on 
FTO, FTO/WOx, and FTO/WOx/C60 (Fig. 5.13). The PL spectra of the perovskite films 
show emission peak at around 770 nm. Upon the incorporation of the C60 interlayer, 
significant quenching of the perovskite is exhibited, indicating enhanced electron 
extraction and transportation from the perovskite to C60. Therefore, the PL studies 
further confirm that the incorporation of the C60 layer could facilitate efficient charge 
transfer between the perovskite and WOx layer, thereby improving the device 
performance [62]. 
 
 
 
 
 
 
        
 
 
 
   Fig. 5.13 PL spectra of perovskite films deposited on FTO, WOx, and WOx/C60 films. 
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5. 3 Conclusion 
In summary, we have demonstrated that the use WOx/C60 EELs can significantly 
enhance the performance of PSCs. The best-performing PSCs using WOx/C60 EEL 
achieved a PCE of 16.07% when measured under reverse voltage scanning. The J–V 
characterization and steady-state PL results suggest that the significantly improved 
efficiency by the WOx/C60-based device originates from improved electron extraction, 
transportation and as well reduced charge recombination at the WOx/C60 and perovskite 
interface. Our results demonstrate a simple approach for further enhancing the 
efficiency of WOx-based PSCs.  
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Chapter 6                                 
Summary  
 
Organic-inorganic hybrid perovskite solar cells (PSCs) have received considerable 
attention because of its excellent photovoltaic properties, high power conversion 
efficiency (PCE), solution processability and low-cost fabrication. In the PSC 
configuration, perovskite light-absorbing layer, which is usually sandwiched between 
the electron transporting layer (ETL) and the hole transporting layer (HTL), is one of 
the most significant components, indicating that it must be homogenous and void free to 
guarantee sufficient light-absorption and high PCE. In most studies, high-quality 
perovskite films on planar substrates are prepared using expensive vacuum facilities 
such as a glove box and vapor deposition machines with humidity less than 1% to 
circumvent the problems of non-uniform film morphology and sub-stable characteristics 
of the perovskites, which is chiefly caused by moisture. However, when considering the 
production cost and energy payback time of PSCs, high-quality perovskite films 
fabricated under ambient air environment (i.e., without the use of expensive vacuum 
equipment) is paramount important. Therefore, it will be highly advantageous and 
beneficial if homogenous and uniform perovskite layer can be fabricated without the 
requirement of special precautions.  
In this thesis, high-performance PSCs were fabricated on planar substrates. 
Planar architecture has the advantage of simplified device configuration and fabrication 
procedure. It is also feasible for flexible and low-temperature substrates, which will 
further reduce the production cost of PSCs. However, it is challenging to deposit high-
quality and uniform perovskite films on a planar substrate in the air due to premature 
precipitation and sparse nucleation of CH3NH3PbI3 perovskites. To improve the 
uniformity of the perovskite, in Chapter 3 we demonstrated for the first time the use of 
two-step spin coating method together with air-assisted flow under ambient air 
condition.  The air flow helps to expedite mass transfer and eliminated non-uniformity 
in the thickness of the perovskite layers caused by the disparity of centrifugal force 
between the substrate center and its edge. Also, it can markedly expedite the 
evaporation of the solvent to suppress the preferential crystallization of PbI2 and 
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CH3NH3PbI3 during spin-coating. This technique produced perovskite films with 
improved morphology and coverage to the underneath compact TiO2 layer. Films 
characterization results suggest that films prepared with airflow showed improved 
features, which is beneficial in enhancing the device PCE. The device without airflow 
exhibited a PCE of 8.67%, whereas a higher PCE of 13.28% was obtained for the device 
incorporating airflow. This study presents a useful technique for fabricating high-quality 
perovskite films on planar substrates.  
In chapter 4, we further demonstrated the importance of dense and uniform perovskite 
films with large grains for fabricating high-performance PSCs. High-quality perovskite 
films were deposited using one-step solution process, anti-solvent bath (ASB) method 
together with solvent annealing in ambient air condition. Diethyl ether (DEE), which 
has a low boiling point and no solubility or reactivity with the perovskite precursors, 
was used to extract the N-methyl-2-pyrrolidone (NMP) and γ-butyrolactone (GBL) 
solvents from the spin-coated solution film. This enabled a uniform, highly smooth and 
glossy perovskite film. While the solvent annealing treatment facilitated further grain 
growth by a dissolution and precipitation process. The latter approach led to 
CH3NH3PbI3 films exhibiting large grain microstructures, with fewer grain boundaries 
and crystal defects that reduced carrier recombination. The morphological, structural, 
and optical features of perovskite films treated with solvent annealing, thermal 
annealing and without annealing treatment were meticulously and systematically 
investigated. PSCs containing solvent annealing treatment showed a PCE of 16.77% 
which is higher than those without solvent annealing treatments. This method offers a 
facile, and attractive way to fabricate high-quality perovskite films for high-
performance solar cells. 
Lastly, in Chapter 5 we demonstrated that the development of alternative electron 
transport layers (ETLs) is essential to further advance the studies of PSCs. Herein, we 
showed that low-temperature solution-processed amorphous tungsten (WOx) and 
fullerene C60 could cooperatively work together as efficient ETLs for high-performance 
planar PSCs. WOx has been successfully employed as an ETL in PSCs. However, the 
WOx-based devices usually suffer from inherent charge recombination, resulting in a 
low PCE. In this work, we demonstrated that the carrier injection efficiency of the WOx-
127 
 
based PSCs could be further improved by incorporating fullerene C60 as an interlayer. 
Interestingly, the WOx/C60-based PSCs achieved a PCE of 16.07% under reverse voltage 
scanning, which is significantly higher than the pristine WOx-based device. The higher 
PCE achieved by the WOx/C60 PSCs is attributed to the improved open circuit voltage 
(Voc) and fill factor (FF), suggesting reduced charged recombination. This work shows a 
simple and efficient way to fabricate low-temperature and high-performance PSCs 
under ambient air condition, which will be of particular interest to the photovoltaic 
community. Low-temperature PSCs is a feasible approach for the future practical 
application.   
 
6.1 Scope of the Future Work 
In this thesis, I have highlighted the importance of morphology control in enhancing the 
photovoltaic performance of PSCs. Also, I showed the feasibility of fabricating high-
performance  PSCs with an active area of <0.1 cm
2
 under ambient air condition. In 
order to commercialize PSCs, it must rival the current photovoltaic technologies 
regarding module efficiency, large-scale fabrication, stability, and cost.  
It has been reported that obtaining high-performance and durable PSCs 
perovskite on a large substrate with active area > 1 cm
2
, can be somewhat challenging. 
To improve the quality and stability of the perovskite films on large area substrates,  
Saliba et al., and Singh et al., showed that cesium-containing triple cation perovskites is 
a feasible approach in achieving thermally and moisture stable PSCs with improved 
reproducibility and high PCE of over 20%. In their work high-temperature mesoporous 
and planar substrates, respectively, were employed. It is believed that high-temperature 
substrates may hamper the mass production and commercialization of this cutting-edge 
technology. 
My future work will focus on developing large area (>5 cm
2
) PSCs on low-
temperature and flexible planar substrates using blade coating and spray coating 
techniques. Low-temperature processed planar architecture is a feasible approach for 
large-scale production, flexible device, and tandem application. The surface coverage, 
uniformity and crystallization of the perovskite layer will be controlled through a 
combination of airflow and solvent annealing. Also, the stability and reproducibility of 
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the pristine PSCs will be improved by introducing various additives into the perovskite 
precursor solution. A systematic investigation will be carried out to understand the 
influence of these additives introduced into the perovskite. Furthermore, I would 
investigate the underlying photophysics and dynamics of charge transport and 
recombination process in the resultant perovskites, and perovskites/charge transport 
layer interface using time-resolved photoluminescence (TRPL), transient absorption 
spectroscopy (TAS) and so on. I believe that understanding the mechanisms of the 
underlying photophysics of perovskites mixed with additives would be a proper guide in 
developing novel ones with enhanced performance.  
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Kyoto, Japan. 
 
 
The 11th International 
Conference of 
Electroluminescence and 
Optoelectronic devices 
(ICEL). October 2-5, 2016. 
Sheraton Raleigh Hotel, 
Raleigh North Carolina, 
USA. 
 
 
 
 
 
Vincent Obiozo Eze, 
Yoshiyuki Seike, Tatsuo 
Mori 
 
 
 
 
Hiroyuki Okada, Kenta 
Saito, Vincent Obiozo Eze, 
Yoshiyuki Seike, Tatsuo 
Mori 
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Yoshiyuki Seike, Tatsuo 
Mori 
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8.)Organic-Inorganic Hybrid 
Perovskite Solar Cells Using 
Hole Transport Layer Based 
on α-Naphthyl Diamine 
Derivative 
 
 
9.) Benefit of solvent 
annealing for MAPbI3 Planar 
Perovskite Solar Cells 
Fabricated by One-Step 
Spin-Coating and 
Antisolvent Bath Methods 
 
10.) Planar CH3NH3PbI3 
Perovskite Solar Cells 
Prepared with Inclusion of 
Polyvinylpyrrolidone 
 
 
 
11.) Performance of Organic 
Perovskite Photovoltaic 
Using TiO2 Dense Layer 
Fabricated by Spray 
Pyrolysis or Spin Coating 
 
12.) Air-Assisted Flow and 
Two Step Spin-Coating for 
High Efficient CH3NH3PbI3 
Perovskite Solar Cells 
 
 
 
 
The 33rd International 
Conference of 
Photopolymer Science and 
Technology. June 22-24, 
2016. International 
Conference Hall, Makuhari 
Messe, Chiba, Japan. 
 
9
th
 International 
Symposium on Organic 
Molecular Electronics 
(ISOME). May 18-20, 
2016. Tokimate, Niigata, 
Japan. 
 
 
International Electron 
Devices and Material 
Symposium (IEDMS). 
November 19-20, 2015. 
Kun Shan University, 
Tainan, Taiwan. 
 
 
The 7
th
 Asian Conference 
on Organic Electronics, 
October 28-31, 
2015.Peking University, 
Beijing, China. 
 
 
The Fifth International 
Symposium on Organic 
and Inorganic on Electronic 
Materials and Related 
Nanotechnologies (EM-
NANO). Japan. 16-19, 
2015. Toki Messe Niigata 
Convention Center 
 
 
Vincent Obiozo Eze, 
Yoshiyuki Seike, Tatsuo 
Mori 
 
 
 
 
 
Vincent Obiozo Eze, 
Tatsuo Mori 
 
 
 
 
 
 
Vincent Obiozo Eze, 
Binglong Lei, Tatsuo Mori 
 
 
 
 
 
 
Takanori Yagi, Vincent 
Obiozo Eze, Binglong Lei, 
Tatsuo Mori 
 
 
 
 
Vincent Obiozo Eze, 
Binglong Lei, Tatsuo Mori 
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(3). 国内会議： 
1.) エアフローを用いた逆構
造有機ペロブスカイト太陽
電池の作製 
 
 
 
2.) 有機ペロブスカイト太陽
電池の活性層へのエアフロ
ー効果 
 
 
3.)Efficient Planar 
Perovskite Solar Cells Using 
Solution-Processed 
Amorphous WOx/Fullerene 
C60 as Electron Extracting 
Layers 
 
4.) Influence of Airflow on 
MAPbI3 Perovskite Solar 
Cells Fabricated by Two-
Step Spin-Coating Method 
 
5.) CH3NH3PbI3 Perovskite 
Solar Cells Employing Cu-
Phthalocyanine Doped Poly-
3-hexylthiophene Hole-
Transporting Layer. 
 
 
 
 
 
 
第 78 回応用物理学会秋季
学術講演会, (2017) 5p-PA3-
21 
2017 年 9 月 5 日～8 日福
岡国際会議場国際センタ
ー福岡サンパレス 
 
 
第 64 回応用物理学会春季
学術講演会, (2017)16p-p6-
28 
2017年 3月 14日～17日
パシフィコ横浜 
 
 
第 64 回応用物理学会春季
学術講演会, (2017)16p-p6-
28 
2017年 3月 14日～17日
パシフィコ横浜 
 
 
電子情報通信学会(2017). 
2017年 3月 22日～25日 
名城大学天白キャンパス 
 
 
第 77 回応用物理学会秋
季学術講演会 (2016) E 
14a-A41-11. 2016 年 9 月
13 日～１６日トキメッ
セ、新潟コンベンション
センター 
 
 
 
 
 
 
岡田 紘幸, 近藤 勇太, 星野 充
崇, ビンセント オビオゾ エ
ゼ, 清家 善之, 森 竜雄 
 
 
 
 
 
岡田 紘幸, ビンセント オビオ
ゾ エゼ, 清家善之, 森 竜雄, 
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Yoshiyuki Seike, Tatsuo 
Mori 
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6.) 有機ペロブスカイト太陽
電池の高効率化の為の酸化
チタン緻密 層の表面解析 
 
 
 
8.) Facile Fabrication of 
Planar Perovskite Solar Cells 
via One-step Spin-Coating 
and Antisolvent Bath 
Methods. 
 
 
9.) 有機ペロブスカイト太陽
電池における TiO2 緻密層の
影 響 
 
 
10.) Improved CH3NH3PbI3 
Perovskite Morphology for 
Highly Efficient Solar Cells 
via Air-Assisted Flowing in 
the Two-Step Spin Coating 
Method 
 
11.) 有機ペロブスカイト太
陽電池に対するスプレー熱
分解とスピンコート酸化 チ
タン緻密層の違い 
 
 
 
 
第 77 回応用物理学会秋
季学術講演会(2016) 15p-
A41-15. 2016 年 9 月 13
日～１６日トキメッセ、
新潟コンベンションセン
ター 
 
第 63 回応用物理学会春
学会講演会  (2016) 20a-
W531-6. 2016 年 3 月 19
日～22 日大岡山キャン
パス、東京工業大学 
 
 
第 63 回応用物理学会春
学会講演会  (2016) 19a-
P5-22. 2016 年 3 月 19 日
～22 日大岡山キャンパ
ス、東京工業大学 
 
第 76 回応用物理学会秋
季学術講演会(2015) 
E 14a-1G-3. 2015 年 9 月
13 日～16 日名古屋国際
会議場 
 
第 76 回応用物理学会秋
季 学 術 講 演 会 (2015) 
13p-PB9-26. 2015 年 9 月
13 日～16 日名古屋国際
会議場 
 
八木 崇徳, エゼ オビオゾ・ヴ
ィンセント, 清 家 善之, 森 竜
雄 
 
 
 
 
 
Vincent Obiozo Eze,Tatsuo 
Mori 
 
 
 
 
八木 崇徳, エゼ ヴィンセン
ト・オビオゾ,  森 竜雄  
 
 
 
 
 
Vincent Obiozo Eze, 
Binglong Lei, Tatsuo Mori 
 
 
 
 
八木 崇徳, 雷 丙尤, エゼ オ
ビオゾビンセント, 森 竜雄  
 
